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** Assuredly there is something in the phenomena of Light ; in its 
universality ; in the high office it performs in Creation ; in the very 
hypotheses which have been advanced as to its nature ; which power- 
fully suggests the idea of ihefundamentalf the primeval^ the antecedent 
in point of rank and conception to all other products or results of 
creative power in the physical world. It is Light, and the free com- 
munication of it from the remotest regions of the Universe, which alone 
can give, and does fully give us, the assurance of a uniform and all- 
pervading Energy — a Mechanism almost beyond conception complex, 
minute, and powerful, by which that influence, or rather that move- 
ment, is propagated. Our evidence of the existence of gravitation fails 
us beyond the region of the double stars, or leaves us at best only a 
presumption amounting to moral conviction in its favour. But the 
argument for a unity of design and action afforded by Light, stands 
unweakened by distance, and is co-extensive with the Universe itself.'* 
— Sir John Herschel. 







I Verv recently, at the Annual Meeting (18S3) of the 
Teachers' Training and Education Society, Prof. Hujdey 
reiterated, in his capacity of an Examiner in tbe Science 
and Art Department, a complaint well known at South 
Kensington as to the great difference between two kinds 
of "what persons called knowledge." He remarked for the 
hundredth time, how " That which they had constantly to 
contend against in the teaching of science in this country 
was, thai many teachers had no conception of that distinc- 
tion ; for they thought it quite sufficient to be able to repeat 
a number of scientific propositions and to get their pupils 

to repeat them as accurately as they themselves did 

The teacher should be instructed that his business in 
leaching was to convey clear and vivid impressions of the 
body of facts upon which the conclusions drawn from those 
facts were based." To do this in some degree for one branch 
of Physics is the sole object of this unpretending little 
nrk ; which hopes to be radjer a handbook, companion. 
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and supplement to the excellent existing text-books, than 
anything else. With perhaps one exception in a short 
explanation of the law of sines, no set formulae whatever 
will be found in it ; but I have merely tried to place clearly 
before the mind of the reader, though something like a 
complete course of actual experiments, the physical realities 
which underlie the phenomena of Light and Colour. As 
helps, there are solely employed simple mechanical ana- 
logies and a few diagrams,, explained in language which 
it is hoped may be found in reality simple and clear, though 
not intended to be chDdish, or to debar any private student 
from the healthful exercise of now and then ctmsidering 
what the writer means. 

Now in carrying out a course of experiments in Physical 
Optics, projection upon a screen is not only far superior in 
general effect to any other method of demonstration,, besides 
having the advantage of exhibiting the phenomena to the 
whole of a class or audience at the same time, but has 
another recommendation of primary importance. The 
trained physicist well understands the meaning of the rays 
which enter his eye, and are visible to him solely, direct 
from his lens, prism, or other apparatus; but the scholar 
new to the subject finds it very difficult to interpret in 
terms of physical phenomena what thus appeals merely 
to his own visual impressions. When he looks through a 
prism, for instance, it is difficult for him to get rid of the 



vague notion that " something in the prism " colours what 
he sees. But when actual rays of light are projected through 
the prism, and the colours appear on the screen apart from 
hinue/f, as it were, he cannot help understanding that what 
thus appears to others at the same moment as to him is a 
physical reality which he has lo trace out, and which he 
must reduce to physical terms. What is meant will be 
readily understood by any science- teacher. 

Hence the method of experiment chiefly adopted here, 
for which all science -teachers and students are deeply 
indebted to Professor Tyndall, who carried lantern demon- 
stration to an extent and perfection never before attained. 
The magnificent apparatus of the Royal Institution, however, 
appears to have created an impression that electric cameras 
and other very costly appliances are necessary for effective 
work of this class ; whereas the greater number of experi- 
ments can be shown satisfactorily to at least a science class 
with even a good gas-burner ; while any good lantern can 
be made at small expense a very efficient piece of apparatus. 
To make this also clear, and thus induce many teachers to 
substitule the most perfect kind of demonstration for far 
less striking methods, or for mere diagrams, is a second 
object of these pages. At the same time I have tried not 
to forget the private student, and not only to give sufficient 
hints for him to make most of the experiments without 
lantern or other bulky apparatus, but especially to find 
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abundant manual work for him, more particularly in the 
fascinating domain of polariscope phenomena. 

I cannot but hope room may be found for such a work as 
this, when I recall how much my own delight in the experi- 
mental study of Optics has been increased by the individual 
help and teaching of a few friends. It is never easy, and 
but seldom possible, to acknowledge all such obligations ; 
but mine have been very special in two directions. To the 
Rev. Philip R. Sleeman, F.R.A.S., F.R.M.S., I was not 
only indebted before this little book was thought of, but 
have been since, for many references to foreign papers and 
memoirs, and other ** detached " information which only his 
wide and general acquaintance with the whole range of 
Physical Optics could have supplied. And to Mr. C. J. 
Fox, F.R.M.S., I owe my entire practical education in that 
mica-film work, which I hope others may find as attractive 
as I have done, and which so admirably illustrates the 
phenomena of polarised light. But for these two friends, 
some of what are likely to be the most acceptable among 
the following pages would never have been written. 

In regard to the experiments described, there are two 
things to be said. It would have been desirable, if possible, 
to have stated the originator of every experiment ; but it 
was not possible. Attempt has been made to indicate, 
as far as known, the first to employ any striking very recent 
experiment: but many of great beauty seem now such 



common property, that it is difficult to ascertain who first 
made them, or first adapted them for projection. I strongly 
suspect that we owe to Professor Tyndall many more than 
it has been possible categorically to ascribe to him ; and am 
the more anxious to state this, because his just claims in 
higher matters appear to me almost studiously ignored by 
certain Continental physicists. Some arrangements are, to 
the best of my belief, original ; but none are put forth as 
such except one or two expressly stated, and it should be 
perfectly understood that no personal claim is implied re- 
garding any other experiments because no credit is given 
to some one else ; the absence of such credit is simply due 
to sheer ignorance and the difficulty of acquiring knowledge 
concerning such matters, 

The other remark is, that the order of the experiments 
differs considerably in some cases from that usually adopted. 
All that can be said on that point is, that such is the result 
of considerable reflection, and in the belief that the order 
chosen is, upon the whole, best adapted to the primary 
end of assisting vivid conception of the physical realities 
considered, and ilu relation of the phenomena to one another. 
Also, while no attempt is made to arrange the experiments in 
act " Lectures," the order followed is believed to lend itself 
best to such a connected course of experimental lectures 
as a teacher would desire to give to his class, extended or 

idged as the case may require. I am not without hope 
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that in such an extended course of experiments as are here 
collected for his choice, some hard-worked teacher may 
find real help in this respect. The same may be said as to 
the brief references made to the connection between the 
phenomena of Light and the problems of Molecular Physics. 
Brief as they are, it is hoped they may in some minds excite 
a real interest in those problems, and deepen that sense of 
the reality of the phenomena which is so desirable. 

It is right to say, that a large number of the experi- 
ments heire described appeared originally as a series of 
articles in The English Mechanic, The cordial welcome of 
these articles, and requests from all quarters couched in 
unusually flattering terms, did in fact lead to their extension 
— for the additions are very large indeed — ^into the present 
work ; and are chiefly responsible for its being attempted 
by one who has no claim to be considered anything but an 
amateur, chiefly desirous of showing others what can be 
accomplished wdth only small means. I am indebted to 
the proprietors of the journal above named for their free 
permission not only to use the text of the articles in any 
way thought best, but also the diagrams by which they 
were illustrated. 

Some may think that apology might be offered for the 
concluding chapter. None such will be, or ought to be 
offered. The irresistible propensity to go beneath the 
surface and search for the hidden essence of things, has 



been felt and manifested not only by all our leading 
physicists, but by all who have had any vivid impressions 
concerning the mysteries surrounding them ; and "a man's 
thoughts are as children born to him, which he may not 
carelessly let die." No one is bound to accept my thoughts ; 
and since there is no danger that my name will give any 
factitious weight to thein, I have a right to utter them as 
well as another, provided it be done without dogmatism or 
offence. If neither of these can be charged to me, the rest 
may take care of itself ; and I shall only frankly confess that 
it is largely such thoughts as these — thoughts which have 
led me to regard Light as a possible Revealer of much 
more than many think— which have for years made its 
momena, to me, such a profoundly interesting study. 



LEWIS WRIGHT. 
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CHAPTER I. 

THE LANTERN AND ACCESSORV APPARATUS. 

The Lantern— The Oplical Objective— Gas Burners— Mineral Oil 
Burners — The Lime-light — -Advantages of "Regulators"^ — Centering 
the Light— Mounting the Lantern — Focusing Lens — Prian — Plane 
Reflector — Other Apparatus— Screens — Diagrams — Vertical Lantern. 

I. The Lantern. — Any fairly good lantern will serve (o 
perform the following experiments, provided the "front" is 
so made as to slide on and off a flange-nozzle. This is 
nsual with the better brass fronts made with lengthening 
tubes, but not with fronts half brass and half tin ; and in the 
latter case the alteration should be marfe, so that either the 
ordinary objective, or the optical objective to be presently 
described, or any other apparatus, will slide on and off at 
pleasure. The ordinary objective will be occasionally 
wanted to exhibit diagrams, while the other will be placed 
on the nozzle for exiDeriments: the lantern will also be 
available for all ordinary purposes. A hi-unial is exceed- 
ingly convenient, as the top lantern may be used for 
diagram^ while the lower nozzle canies the optical objective. 
The usual forms of condensers are, either a pair of plano- 
convex lenses with convex sides turned towards each other ; 
or a meniscus with the concave side towards the light and a 
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double-convex lens in front. Either, or any form if good, 
will answer fairly well ; and a little deficiency round the 
edges of the screen disc matters little for most experiments, 
if the centre be well illuminated. 

2. Optical Objective. — The ordinary objective used for 
exhibiting slides would suffice more or less perfectly for 
many experiments ; but a special optical objective is almost 
necessary for many, and preferable for nearly all. It is, 
moreover, absolutely necessary for the polariscope to be 
hereafter described; and, as the same lenses and fittings 
answer for both, and are of a very inexpensive character, 
it is more satisfactory to provide for efficiency at the outset. 
The ordinary slide-stage is also unduly large for the inser- 
tion of the necessary apertures, slits, or other apparatus, 
besides being inconveniently situated for manipulation ; 
and the large field is a great waste of light for many 
experiments which need all we can use. Supposing, for 
instance, a rather small aperture has to be diffiracted, we 
can condense no light upon it in the ordinary slide-stage ; 
whereas by bringing it a few inches out in front, we can 
insert an additional convex lens, mounted in a v/ooden 
frame as a slide, in the ordinary stage, and so condense a 
very large portion of the full beam upon the aperture. 

The arrangement recommended for the optical objective 
is shown in Fig. i. a b is a nozzle (of japanned tin or 
brass, according to the style of the lantern), which slides 
tightly on the lantern nozzle, and is kept from rotating by a 
slot and pin. We will suppose it 3^ inches diameter, for 
3J-inch condensers, b c is a 3-inch brass tube 3 inches 
long, which should screw into a collar at b, as it will be 
required to unscrew from this into the polariscope elbow, 
to be hereafter described. Near the bottom or nozzle end 
a square aperture, K, is cut through both sides to form a 
slide stage, which should " take " slides an inch thick, and 



3 J inches wide. The slides are kept down to the nozzle 
end by a circular L-shaped collar, i., operated by siuds 
working in longitudinal slils as usual, and forced against the 
slides by a spiral wire spring m, abutting against the collar 
at C, which screws into the other end of the tube, and has 
screwed into it the jacket d of the focusing tube, with its 
rack and pinion e. The focusing or lens tube f will be 
about 2} inches in diameter, and has screwed into it at the 
back end the cell of the plano-convex lens G of 5 inches 
focus, with the plane side towards the slide-stage. At the 
other end screws on a collar in which is fixed the nozzle n, 
projecting outwards from the front flange or collar a clear 
half-inch, and which callipers i^ inches exactly. Into the 




back end of this screws the lens H of 8 inches focus, which 
may eitlier be a plano-convex, or of a slightly meniscus form, 
the whole being arranged so that the lenses are af inches 
apart. The focusing jacket should be so adjusted that when 
the tube is run right out the lens c is about 3 inches from 
lite bottom of the slide-stage (which will focus a very small 
disc), and have a backward trav el of about i \ inches ; and 
this should be finally done by making the jacket u rather 
longer than necessary, so as to adjust by experiment before 
fitting the pinion. 

It will be seen that the lenses are of a very inexpensive 
diameter; but such an arrangement is as good as can be 
adopted, and loses little lighL It is the proper arrangement 
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for the polariscope, for which it answers admirably ; and it 
gives a very flat field with but little colour. A rack and ' 
pinion is by no means essential ; indeed, if the sliding tubes^ 
are accurately circular and fit well, a plain sliding tube is ■ 
preferable, in order that the lenses may be removed at 
pleasure and slits used with parallel light only, or other 
appliances (such as an adjustable slit or revolving diaphragm) 
slid into the tube, I have, however, found a really well-fitted 
plain " draw-tube " by no means so common among ordinary 
opticians, on this scale, as a fair rack movement. If the 
nozzle A B is well fitted, the objective will rarely need 
support ; but if it does, a loose semi-circular crutch should 
be fitted for it, out of a thin slab of wood or otherwise. 
i| inch nozzle is advised because it is the recognised gauge 
of nearly all the polariscopes made by, or inade for, the 
London opticians, and to which accessories and objects are 
adapted. It is a very great convenience to be able to obtain 
any such articles "to fit," and it is therefore strongly r 
commended that the size be, if possible, actually callipered 
from such an instrument. ' Such a polariscope can now be 
purchased for a very few guineas, complete, as desciibed i 
a future chapter ; and in that case nothing more will be 
necessary than to provide the additional tin or brass nozzle 
A B, into which the objective of the polariscope, when 
unscrewed from its elbow, will fit, and make the objective 
for straight work. The equivalent focus of the two lenses 
is about 3^ inches, and this will give suitable discs for any 
screen distance ranging from 5 to 20 feet. If the general 
working distance is longer, say from 20 to 25 feet, ■ 
a somewhat longer focus may be preferable, malting the back 
lens say 7 inches focal length, and giving more space between 
the two lenses, and between the back lens and the stage. 

3. Light. — Sufficient effects for a class-room or moderate- 
sized drawing-room may be obtained in nearly all the 



following experiments ' from a good Argand gas-burner. 
class or a few spectators do not need to see the phenomena 
on a. very laige scale, and by employing a small disc at a 
screen distance of 5 or 6 feet, very good results may be 
got in this way. The lantern becomes hot with such a 
light ; but the convenience of being able to get it into work 
at a moment's notice, and without any apparatus, is very 
great. Nearly all the experiments in this work have been 
first "roughed out " with a gas-burner; and ihongh more 
brilliancy may often be felt desirable, what there is will still 
be found more interesting and attractive than any other 
mode of demonstration, besides being visible to a whole 
class at once. A good " Silber " or one of Sugg's best 
" London " patterns may be employed, and either gives 
a very white light of from 22 to z8 candles. Mr. Sugg lent 
me for trial a gas-burner superior to either, such as are 
supplied by him to the Trinity House Board for lighthouse 
purposes ; but it is more costly, being 25^. to 3dj., nickel- 
plated, whilst the plain Silber or London costs about (is. bd. 
In the Trinity House burner a platinum plug or button 
spreads the circular flame, which is again curled inwards by 
the throat of a contracting glass chimney ; the result being a 
very white light of about 30 candles compressed into a space 
of about an inch square. Such a short flame of course 
foctises better than a tall one, the rays being less divt;rgent ; 
and with this burner excellent work may be done. It might 
probably be made in a cheaper form, the general construction 
being a very old one. Any gas-burner is best fixed ii; 
lantern by having a slide-tray with an upright pin at the ( 
back end, as for the lime-light. Over this pin should slide * 
a socket brazed on a lube, with tap and nozzle on the back , 
end as usual, while a plain elbow at the other end 'carries the ' 
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burner. The lime-light or plain gas can then be used as con- 
venient, gas sufficing to " work out " privately, at a minimum 
cost and trouble, almost any desired experiment, even when 
a more brilliant light is required for public repetition of it 

The brilliant mineral oil lamps give better effects than 
gas, ranging in power from 50 to as high as 90 candles 
— that is, standard or " gas " candles, there being a looseness 
about some opticians' estimates (due to taking any candles 
as tests) which is not desirable. The triple forms of wick, of 
which there are several, are much to be preferred for optical 
work : the double wicks are apt to give a comparatively 
darkish streak up the centre of the screen. This is little 
observable in exhibiting painted slides ; but in optical ex- 
periments is just where we can least afford any deficiency.^ 

4. The Lime-light. — The lime-light is, however, 
strongly to be preferred if possible, the effect being so 
infinitely superior, not only in brilliancy, but in whiteness, or 
completeness in the spectral colours. It is not an expensive 
light either, after the first purchase of the apparatus. Potassic 
chlorate is now cheaper than formerly, and can be purchased 
in most large towns at from 7//. to 9//. per pound ; black 
oxide of manganese at about 2d, per pound. At these prices 
the lime- light for two hours will only cost about 2s, 6d. 
besides wear and tear; which is very little for the effect 
produced. The ordinary details of lime-light lantern 

* Since the above was in type, Mr. Hughe?, of 151, Hoxton Street, 
has brought out a mineral-oil lamp with four flat wicks, stated to give 
a light of 200 candles. I have not been able actually to mea^ure its 
power before this work goes to press ; but I have satisfied myself that 
it exhibits three-inch painted slides on a full twelve-feet disc, well illu- 
minated to the edges ; and — what is more to the purpose of these pages 
— that, with the elbow-form of lantern polariscope hereafter described, it 
will project either slides or crys^tals t n a disc five feet in diameter, in a 
very satisfactory manner. I never expected to see this accomplished by 
an oil-light ; and the fact that it can be Mill be a great aid to many 
country teachers and students. The heat is of course great. 



management can be learnt in hand-books obtainable from 
any optician ; but it may be well to add a few hints which 
are not found in any such T have seen, as well as to 
lay stress on the one or two points which give absolute 
safety in manipulation, or are necessary to secure good 
effects ; for two operators wiil differ by as much as forty per 
cent, in the effect they obtain from the same apparatus. 

The lime-light has three main forms, most properly 
described as (i) the spirit-lamp jet, (a) the gas " blow- 
through " jet, and (3) the gas " mixed " jet. The first will 
give from 100 to 120 candles, and is sufficient for small 
lecture-rooms or halls : the second will give from 140 to 200 
candles : the last 350 to 450 candles, according to the pres- 
sure. All alike require a bag oi oxygen gas, supplied to the 
jet under pressure ; and this bag should measure 36 x 24X24 
inches, and not /ess, for optical purposes : if there is no assis- 
tant 10 turn off the oxygen when not wanted, it had better 
be a little more for any lecture work. The size named is no 
more than sufficient, with a little comfortable margin, for 
two hours' experiment ; and some is often wanted for pre- 
liminary adjustments. Only the best bags are worth having, 
and such will last for years if the gas is properly washed, and 
all laps or metal fittings cleaned and oiled every now and then. 

Oxygen ought to be passed through /7e-o wash-bottles, if 
it is to be thoroughly rid of manganese- dust and chlorine. 
The first botile should be fully two-thirds full, the second 
only about one-third full, both having a little carbonate of 
potassium or common washing soda diswlved in the wai 
The most convenient apparatus for washing will be found 
in common two-quart glass bottles, with loose vulcanized | 
" Woolff " tops (like Fig. z) to slip over the necks. In glass j 
bottles the " speed " of the gas can be seen as it is made, 
and such tops can be removed and the bottles empried i 
in an instant. The bag to be filleil should be higher 1 
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than the last wash-bottle ; and with these airangemei^tSy only 
well purified and dqr gas can enter. The retort is most 
conveniently placed over a ring gas-burner, which is amply 
suffident : a good heat should be applied at first, till bubbles 
bfgin to come over, after which it should be slackened, and 
only moderate heat will be required. This management of the 
heat is the only way to get the gas over with fair regularity. 

The precautions in making oxygen are chiefly, to be sure 
the pipe from the retort is disconnected from the first wash- 
bottle before the retort is taken off" the fire or gas (otherwise 
water may be sucked back and cause an explosion), and to 
be sure no organic substances are in the mixture. The 

safety tube will do the rest, and 
the india-rubber tops on the wash- 
bottles are additional safety-valves 
against a sudden rush of gas. The 
chlorate should be spread abroad 
on a sheet of cartridge paper to 
see if any small bits of straw, 
stick, or other matter have got in ; 
and a small portion of the black 
p,G ^. oxide should be mixed with chlor- 

ate and heated in a test-tube. 
Practically the only danger here is, lest a portion of soot 
or charcoal might be mixed with the sample ; and if this is 
found pure, it is as well to lay in sufficient manganese 
from the same lot to last the winter. 

Making hydrogen is troublesome, and is not to be 
recommended wherever house gas can be obtained. It is 
a common idea that it gives a better light, but this is quite an 
crn)r ; very careful experiments purposely made having failed 
to show any perceptible difference. If it has to be made, par- 
ticular care must be taken to have all common air driven ofl 
before any is collected, and also all air expelled from the bag. 
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There is not very much variation in spirit jets ; but 
blow-lhrough jets differ widely, and are certainly capable of 
improvement. The prevalent fault is too large an opening 
for the house gas, which heats the lantern very unnecessarily. 
The best of the ordinary forms is probably that shown in Fig. 
3, the oxygen noz/le o being somewhat below the gas nozzle 
H, giving a better mixture, with a smaller and more pointed 
flame. Such a jet should be selected with the outer aperture 
as small as possible, and an inclination of about 45 degrees. 

With the "mixed" jet no accident can occur if the 
pressure from each gas is fairly equal, and no pressure ts then 
altered while the jet is alight. There is no practical danger 
in adding weight on a double pressure -board permanently. 
With the blow-through form, 28 lbs. on the 
bag at first will be enough, gradually in- 
creased lo 56 lbs. ; and many lose light as 
well as waste gas by commencing with too 
much : but the mixed jet gives the best re- 
sults with high pressure. Unfortunately, how- 
ever, the pressure does not remain uniform, 
but diminishes as the bags empty, the result 
of which is that a fresh adjustment of the taps is necessary J 
every now and then. A valued correspondent found by 1 
experiment that a pressure equal to g inches with full b 
and taps closed, gradually diminished to little more than 4 
inches as the gases exhausted : also that it was very difficult 
to get the same pressure with both gases, whatever arrange- 
ment was adopted. He therefore introduced between each 
bag and the lantern a simple gas regulator,' and then found ■ 
that, provided there was only sufinent pressure behind, 

' Any efficient rcEulclor ought to answer for thia ]iurpose ; but the ( 
soull and handy form used by my cottespondeiit, and siiice by myself, 
villi moft SBtbracIary rei^nlts, is manufactured bj Messrs. Parkin: 
Co., Cotlftge Lane, City Kotid. The; cost p. to 6t. 
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it could be kept uniformly steady, and the same adjust- 
ments could be retained throughout. In using these 
regulators, the pressures are first tested as usual, by U-tubes 
like Fig. 4. The tube is open at one end, while the gas to 
be tested is led to the other by a vulcanized stopper and 
small L-pipe, A wooden slab between the branches has a 
line ruled across about the middle as a zero point, above 
and below which it is divided on opposite sides inlo inches 
and tenths. Water is poured in to the zero point ; and 
when the gas is turned on, it of course depresses one column 
and raises the other, the difference indicat- 
ing the pressure. Any variation in weight 
will teil at once on this index : but it will 
be found that when the regulator Is intro- 
duced, and adjusted to a given pressure, 
that pressure will never vary so long as a 
pressure not inferior is kept up behind it. 
, Both gases can thus be adjusted equally to 
any pressure which the weights at com. 
mand will enable the bags to keep up to 
the end. With such regulators, and trial 
with the U-tube, if there is atolerable pres- 
Ftc 4. sore of gas from the main, the "mixed " jet 

can thus be used with only one gas-bag, which 
is a very groat advantage, giving even at the pressure of the 
main {say 2 inches, or i inch on each side of the U-tube) a 
better light than most blow-through jets. Another advan- 
tage the " mixed " jet used in this way has over the ordinary 
" blow-through " jet, is that the oxygen gas lasts nearly 
double the time, or goes twice as far. A single jet may thus 
be employed at all times, either with gas from the main 
to give with half the oxygen a light equal to that of the 
"blow-through" form, or, with an extra bag and more 
pressure, the full light of the mixed gases. 




ERING THE LIGHT. ti 

The lime has to be brouglit very close to the mixed jet 
— say I of an inch from ihe orifice : hence Ilie indination 
and a well-finished conical point are of importance. 
Many jets are so clumsy and so low in angle, that they 
cast a shadow on the condensers, "standing in their 
own light," as it were. For optical work it is important 
this should not be ihe case. To avoid it, some makers 
place the jet upright ; the cylinder, or flat side of a disc 
of lime, being itself inclined at 45°. This is, however, 
dangerous, the healed gases being reflected off the lime 
direct to the condensers. In any case the lantern should 
be " warmed up " cautiously to avoid cracking the lenses. 

The limes well-known to opticians as " Excelsiors " are far 
the best, " Soft " limes are often recommended for blow- 
through jets, but those named give at least equal, if not 
greater, brilliancy, with a smaller radiant spot ; and with 
a "blow-through" require hardly any turning. With the 
mixed jet the lime should be turned a little, the same way, 
with et'ery experiment. Finally, the best result will depend 
on the supply of each gas being carefully and deliberate!)' 
adjusted ; and the greatest advantage of the regulators 
referred to, is, thai when this has once been effected it 
can be retained with certainty throughout the experiments, 
leaving the demonstrator or his assistant free (beyond turn- 
ing ihe taps on and off as required) to give attention to 
Other things. 

5. Centering the Light. — When the lime-light is em- 
ployed, it should be adjusted in the axis of the optical system 
of the lantern with much more care than is usually taken 
over slides. The best way is to make a cap of black card 
to til over or into the condenser cell, with an aperture 
about J of an inch in diameter accurately in the centre. 
Remove all the lenses, place this cap over the cell, and a 
smaller similar one, or the smallest hole of the revolving 
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diaphragm, if there is one, as far in front of the nozzle as 
can be managed. Bring up the lime as near the cap as is 
practicable without burning it, and then adjust with care 
till the spot on the screen shows the greatest possible size 
and brilliancy. Very much, in some experiments, depends 
upon this, and. on keeping the lime properly turned. We 
may very often see fine experiments, with the most costly 
apparatus money could purchase, spoilt by a dark patch 
upon the screen, and thus worse rendered than a careful 

operator would have done 
with a plain ** blow- through " 
jet. This latter, well man- 
aged, is in fact amply suffi- 
cient for nearly all purposes. 
With lamps, very accurate cen- 
tering is of less importance, 
owing to the larger luminous 
surface. 

Whatever the light em- 
ployed, we term the original 
source, in the lantern, the " radiant.'* 

6. Mounting and Using the Lantern. — This is very 
conveniently done upon a small revolving wooden tripod 
stand like Fig. 5. The top circle turns upon a centre-screw 
passing through the under one, by which it can be tightened 
from beneath in any angular position, the total height being 
from 6 inches to 10 inches, and the lantern fixed* to the top 
in any convenient manner. This being placed on a good- 
sized table, the lantern is conveniently raised, and easily 
turned in any direction, while the large table is available 
for accessory apparatus. 

If prism-work forms a very important feature in the ex- 
periments, it is better to extend the revolving top on one 
bide by a board extending out in front (of course with a 




Fig. 5. 



supporting leg) about 3 feet, furnished with a cross-board 
which can be slid backwards or forwards to any distance 
from the lantern. Tlie advantage of this plan is, that when 
a slit or anything else has been properly focused and the 
rest adjusted, the whole arrangement can be deflected off 
at any desired angle for refraction or reflection, without, 
having to readjust the apparatus. 

For optical work all lenses ought to be in brilliant order. 
They should only be cleaned with a perfectly clean (well 
beaten and shaken when dry) wash-leather, kupt in a clean 
box for that purpose. If the leather alone fails to rub 
them bright, a Uttle alcohol applied with cotton-wool will 
remove the dulness. A damp 
"fog" will often appear when the 
lantern is first lit, and must be 
allowed gradually to disappear 
before anything can be done. 

7. Accessory Apparatus. 
— What is needed for special 
experiments will be descrilieii 
in the proper places; but some 
accessories will be in almost 
constant demand. First of all 

will be required two pillar or rod-stands, made by screwing 
or casting a half-inch brass tube neatly plugged at the top 
into a heavy foot of lead or iron, which should have baize 
glued on the bottom to prevent slipping. Such can be 
bought at gas-fitting shops for three or four shillings each. 
On these should slide closely the sockets shown in Fig. 6, 
into which are screwed or brazed the small tubes b c, which 
receive the various pieces of apparatus. As it is sometimes 
necessary to get well invr some other article, there should 
be a few of these, with the length b c various ; and if the 
weight and leverage are too great for the stand, another 
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socket bearing a leaden weight as counterpoise will keep all 
steady. In the socket tube itself, small holes, a a, are bored, 
and saw-cuts made down to them, when a slight pinch 
together of the two semi-circles so divided, at each end, 
will make an admirably tight sliding fixture, independent 
of screws or any such nuisance. 

Into these sockets we can fit anything. The loose focus- 
ing lenses, which will be constantly needed, can be fixed 
by three short pins, as at a, into a circular hole, turned 
with a ledge in a disc of wood, b (Fig. 7), into the edge 
of which is driven a short 
length of tube, c, fitting into 
the socket tube b c (Fig. 6). 
Or if there is no lathe at 
command, the holemay be cut 
with a fret-saw, and the lens 
fixed with short pins each side. 
It can of course be mounted, 
in brass if preferred ; but 
in that case it is well, when 
using, to put round it a border 
of black card, to exclude from 
''"'■ '" the screen all but the rays 

focused. A lens of 3 inches 
diameter and 7 inches focus is a good sort, and a meniscus, 
wirii the concave side to the screen, is to be preferred where 
the expense of an achromatic lens is an object ; but two 
lenses of 6 inches and 10 inches are very handy, according as 
we may want to enlarge and collect all the light we can from 
a small object, or to focus a large one. Quarter-inch tube 
is a good size for these accessories, but a gauge should be 
chosen which can always be matched, and the socket b c 
(Fig. 6) made to fit. In fact, a foot or two of tube to mount 
any apparatus should always be at hand. 




A reflecior, say 6 inches by 4 inches, of good thin looking- 
glass, may be mounted as in Fig. 8. d b is a length of the 
tubing, D c fitting into the socket. From a to 11 half the tube 
is filed away, with a notch at c, into which one long edge of 
the glass fits. The n end is still further filed away ; and 
when the glass a ii is put in position, with a strip of card 
or blotting behind and round the bearing edges, to impart 
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a. little "give," the end b is brought over, and b and C gently 
pinched down. The Jialf-tube will keep it nice and stiff. 
A reflector may be also mounted in other ways, and for 
some experiments a second one is handy, but seldom really 
required. 

A glass prism, 2 inches long, and about i^ inches in 
face, of good disperdve power, can be bought for about 

4s, 6d., and is mounted as in Fig. 9, the tube being fixed 
into a triangular cast socket, or one made of sheet brass 
turned up J inch. Into this the end of the prism is 
cemented. Of course, such a prism is not "optically" 
faced, only polished like lustres ; but it is good enough 
for most screen work. In the socket. Fig, 6, it can be 
set and turned to any angle horizontally ; but another 
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socket should be provided, as in Fig. lo, bearing a piece 
of brass, A B, at the end, in which is bored, perpendicularly, 
a bole of the regular socket gauge. In this the prism can 
be turned to any angle vertically. 

For spectrum work a prism bottle filled with bisulphide 
of carbon is, however, far to be preferred, giving nearly 
double the dispersion of any ordinary glass prism. Such 
a prism can, however, only be used vertically, and a glass 
one is handy for some other positions sometimes necessary. 

These littings are recommended because they can be 
adjusted in work with such ease, precision, and rapidity, 





and are so readily interchangeable in all sorts of combi- 
nations. In these respects they are far superior to the 
usual method of mounting focu sing-lens, prisms, &c., each 
on the top of a special stand, besides being much clieaper, 
and easier made. 

An adjustable table-stand somewhat resembling Fig. ii 
will be needed for many things. The handiest size for 
average work, with such a tripod as Fig. 5, is one which 
■will rise from 12 to 18 inches, with a top about 6 inches 
across. Some kind of adjustable clip will also be needed to 
hold wires, cards, plates, &c. The best construction for 
all purposes is what is known as the "Bunsen universal 
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holder," shown in Fig. 12. The clip itself can either be 
inserted vertically into the pillar-socket, or the intermediate 
joint will allow of any angle or other variety of position. 
The price of each of these, if purchased, will be about 6s. 

A cardboard screen about a foot square should be pro- 
vided, though it is not actually necessary. It is easily and 
cheaply made by screwing or glueing an inch wooden rod or 
ruler into any wooden foot, sawing down the middle from the 
top about three inches, and stick- 
ing the edge of a thick sheet of 
cardboard in the slit. The centre 
should be the same height as the 
lantern objective from the ope- 
rating table ; and if one side of 
the card is white and the other 
blacked, it will serve either to 
stop light when required, or to 
receive an image. 

Various blackened cards or 
thin zinc plates, each 4 inches 
by zj inches, will also be re- 
quired, in which to cut suitable 
apertures for insertion in the 
optical stage. The zinc also f,u. ,7-Bun«D Holder. 

should be biackened if used. 

An excellent optical black varnish may be made by mistng 
"vegetable" black at discretion with a mixture (about 
half and half) of ordinary French polish and methylated 
spirit On small work it should be applied with a large 
camel's hair or other soft bnish ; on lai^e woodwork with 
a paint brush. For this varnish is suitable for almost every 
purpose, from blacking cards to large gas-bag pressure- 
boards. It dries quickly a full dead black, and does not 
come off, or warp the cards. 
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8. Screens. — Where there is a good white plaster wall, 
well smoothed, nothing will surpass it. Next to that, for 
small screens, the best is a single sheet of white paper. At 
many large printing-offices they now use sheets 60 x 45 
inches ; and probably any one who really wanted a few 
sheets for such purposes would be courteously obliged 
They can be fixed to a wall with drawing-pins. Large 
screens are made of linen faced with paper. Transparent 
screens both spoil the more delicate effects, and cause a 
tremendous loss of light. It is, however, impossible to 
avoid them in some places ; but the operator must in such 
cases be content with a small disc, in order to avail himself 
of the only tolerable material, which is fine tracing cloth — 
the fine varnished muslin kind. This can be procured any- 
where 42 inches wide, and as transparencies are usually 
wanted in small space, this is amply large enough. Such cloth 
shows infinitely better than the best wetted sheet, and there 
is no need whatever of stretching it on a hoop. It is just 
as well to mount it on a roller at top and bottom, and such 
a screen may be fixed in a minute by tying the top roller to 
anything, say two branches of a chandelier, and attaching a 
small weight to the bottom rod or roller. Transparent 
screens are not, however, as already observed, nearly so well 
adapted as an opaque white surface for optical work, 
especially with the prism ; and it is moreover often desirable 
that an audience or class should see, not only the effect 
upon the screen, but the experimental means by which it is 
produced. 

For some experiments we shall also want a horizontal 
screen over the apparatus, and for this a white ceiling will 
answer perfectly. We shall have to employ it almost 
immediately. 

9. Diagrams. — ^These can be prepared in many ways, 
but the following are the best. White diagrams on a black 
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ground may be done with stout needle-points {either com- 
pass or ruling points), through photographic black varnish 
spread thinly and evenly, when firm, but not quite so dry as 
to be chippy. Or a glass may be wanned and smeared with 
solid paraffin, which is then cleaned partially off and re- 
melted so as to be as thin and even as possible ; if the plate 
is then held over the smoke of burning camphor this will 
adhere, and though not so hardy as the other, wil! bear 
careful usage, and cuts easier. Compass curves are best 
struck from small bits of thin horn as centres. These engraved 
diagrams are very striking ; but the darkness of the screen 
sometimes hinders necessary details being pointed out, and 
makes black lines on a white ground preferable for many. 
There are two good methods for these also ; the first being 
to draw with a hard pencil upon the vsry final ground glass 
— a process any one can execute at once ; the other is to 
scratch with needle-points on a sheet of gelatine, nibbing a 
little blacklead into the scratches, and mounting the film 
between two clean glasses. Or a drawing may be made on 
gelatine with Indian ink rubbed up till black enough. All 
diagrams should be faced with glass when completed, and 
bound with strong dark gummed paper. This edging paper 
must be gummed very freely and dried, the strips being 
moistened when used. Wet gum, ft'eshly applied, does not 
adhere to glass with certainly. 

lo. Vertical Attachment. — Though only needed for 
one Or two experiments mentioned in this work, and those not 
essential ones, a vertical attachment capable of projecting 
horizontal surfaces is so generally useful in acoustic projec- 
tions and for other purposes, that a description will be of use. 
As invented and perfected by Professor Morton of America, 
it is rather an elaborate piece of apparatus ; but all required 
can be done very simply and cheaply as shown in Fig. 13. 
A cubical wooden box is open on one of the perpendicular 



sides, and has a circular aperture cut in the top nearly 
extending to the edges of the square. The size of the box 
and of this aperture depend on the size of field to be pro- 
jected ; for magnetic curves or wave-ripples, a circle of less 
than five or six inches diameter is of little service. Opposite 
the open part, on strips of wood at each side, a piece of 
good plate looking-glass is supported at an angle of 45°, so 
as to throw the horizontal beam from the lantern up perpen- 
dicularly through the circular 
aperture. Owing to the larger 
size of this (the horizontal field) 
a diverging beam will generally 
be required, from any ordinary 
lantern, to cover it; and hence 
there should be a large plano- 
convex lens (costing about 151. 
for one 6 inches in diameter) 
fixed to the under side of the 
ajiertute, so as to re-converge 
the rays on the focusing lens. 
Fair effects can, however, be 
procured without this with a 
good lime-light, in spite of what 
is then wasted. In any case, 
all but the condensers are re- 
Fic. 13.— Veriiisi Aiuchmem. moved from the lantern, and 
these are so adjusted, and the 
box so placed in front, that the field is just covered and 
no more. To one side of the box is fixed a stout perpen- 
dicular brass rod or tube, the same gauge as the pillar-stands 
already described, and furnished with two sockets like Fig. 6, 
The lower socket bears a focusing lens, either plain or 
achromatic — it may be the one already described (Fig. 7) — 
and the upper socket the plane reflector, which reflects the 
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image to the screen. These two sockets must, of course, be 
fitted to the apparatus, as it is necessary that the lengths 
B c (Fig. 6) should in this case be such as to bring the lens 
and reflector central with the perpendicular axis ; but the 
ens and mirror already described will answer for the rest per- 
fectly well. It might be supposed that the first surface of 
the mirror would cause a double image on the screen ; but 
it is so faint in comparison with .the other, that any such 
effect is rarely perceivable at all, and only then to close and 
special observation. 

Besides its other more strictly experimental uses, the 
vertical attachment is very effective for projecting on the 
screen extempore diagrams, which are easily traced on a 
sheet of prepared glass laid horizontally. It often makes a 
demonstration much clearer to work out a somewhat com- 
plicated diagram step by step in this way. The ground 
glass and pencil is best adapted for this method of work, as 
the operator can work more freely and see more precisely 
what he is doing. 



CHAPTER II. 

RAYS AND IMAGES. — REFLECTION. 

Rays of Light — Rays form Images — Inversion of Images — Shadows — 
Law of Intensity at various distances — Law of Reflection — ^Virtual 
and Multiple Images — The Doubled Angle of Reflection — Applica- 
tion of this in the Reflecting Mirror — Reflection from Concave 
and • Convex Mirrors — Images produced by Concave Mirrors — 
Scattered Reflectipn — ^Light Invisible. 

11. Rays of Light. — All objects that are visible to us, 
are so in virtue of "rays of light" (whatever these may prove 
to be) which proceed from every point in the luminous sur- 
face. That these rays are perfectly straight or rectilinear 
while traversing the same medium, observation convinces 
us. We can trace the straight path of a sunbeam in a dusty 
room; we know, or find by experiment, that light from 
a lamp can only be seen through three perforated cards 
arranged with an interval between them, if all three aper- 
tures are in a perfectly straight line ; and we are conscious 
that if any opaque body be held in the straight line between 
our eye and a lamp the light is effectually stopped. But 
the rest of the mechanism — the real image-fomiing power of 
these rays — is masked to the ordinary observer by the num- 
ber of them. To see it clearly, we must isolate the rays 
which proceed from the object in certain directions. 

12. Images. — We may do this by darkening a room and 
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only allowing light to enter through a verj- small hole in the 
shutter — the original camera obscura. Bringing a sheet of 
white cardboard near the aperture (Fig- 14I, we see depicted 




upon it the landscape outside, and we thus learn expen 
mentally that rays of light are really sent out from all 
inis nf vidhle nhierts. and ilia[ these fays form images. 



mentally wvix lay^ ui iij 
points of visible objects, : 
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This is equally the case whether the objects are self-lumi- 
nous, like the sun or a lamp (with which class of bodies we 
more commonly associate the idea of this ray-sending 
property), or whether they only reflect to us light derived 
originally from other luminous sources. In all cases the 
image is formed on the retina or on a screen, by rays which 
proceed from the object to" the site of the image. 

This landscape image is rather faint, because the objects 
depicted are not very brilliant, and there are too few rays 
passing through the aperture to form a bright one. We can 
get a brighter image by collecting wider cones of rays from 
each point of the object, methods of doing which will 
speedily come before us ; or the more brilliant light of the 
lantern will yield a better one. Remove all the lenses, 
including the condensers,* and cover the flange-nozzle with 
a piece of tinfoil or a cap of black card. In this prick a 
hole with a rather thick needle," and an image of the radiant 
at once appears on the screen. Since each point of this 
image is defined by straight lines proceeding from the cor- 
responding point of the radiant through the prick to the 
screen, it is obvious that if we prick another hole we must 
get another image. We go on pricking holes, an image 
appearing with each, till by degrees the opaque tinfoil or 
card is removed. As we do so the images of the radiant 
crowd on one another more and more ; presently they touch ; 

^ A simple and striking experiment for the private student is to take 
off the top, and knock out the bottom of a coffee canister, and blacken 
it inside. Then punch a hole in the middle of its length, about one-six- 
teenth of an inch in diameter. Hold this over a naked candle in an other- 
wise dark room ; and a good image of the candle- flame will be formed 
at six or eight inches' dii^tance upon a white card or finely-groimd glass. 

* A needle- prick will give good image^ from a lime-cylinder. With 
lower illuminants, the prick will have to be made larger, and a sheet of 
card, or the portable screen, should be brought within a few feet of the 
lantern. 



then they overlap ; at last, when all the tinfoil is gone, the 
screen is covered with a white glare of light. 

13. Necessity for Isolating Phenomena. — We now 
see how the image- producing power of the rays proceeding 
from any luminous object is ordinarily masked by the mere 
multiplicity of such rays. We say the screen is "lighted," but 
we have found that this illumination really consists in its be- 
ing covered over by an infinite number of images of the radi- 
ant in the lantern. We thus learn at the outset a lesson of 
the greatest importance, viz., that in many cases, to ascertain 
th e true nature of the phenomena of Light, we must isolate 

H^^omparatively small number of rays. Unless we do so, 

such a number of images {or other phenomena under exami- 
nation) may get mixed up, or partially superposed, that their 
real character may be lost in a general confused body of 
light due to them all. 

14. Inversion and Relative Size of Images. — It is 
plain, also, why such images as we have been forming must be 
inverted. Let o, Fig. 15, represent the original object ; then 
it will be seen that the rays from its top and bottom, or right 
and left, if they proceed in straight lines, must cross at the 
aperture a, those from the top proceeding to form its image 

,t the bottom. It is further clear that the relative sizes of 
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image and object must be exactly propoitional to their 
respective distances from the aperture a. Both these truths 
are of general and important application in practical optics. 
1 5. Rays, Beams, and Pencils of Light. — We have 
thus far dealt generally with " rays," but we soon perceive 
that a single ray must be in reality a mere ideal abstraction — 
om precise mathematical direction, or line without thickness, 
out of many divergent rays from every luminous point. To 
get an image, as in Fig. 15, from single rays, the aperture a 
must be infinittly small, but under this condition visible 
phenomena would vanish altogether 1 In practice we 
can only deal wdth whole bundles of rays, the larger oi 



— StuidoM and Law of Squa 




which are usually called " beams," and smaller ones (whether 
parallel or conical) "pencils." If, however, we clearly un- 
derstand this, it is convenient, in colloquial language, to 
speak of a small parallel pencil as a ray, and the word is 
often used, though not with strict correctness, in this sense. 
16. Shadows. — That rays of light proceed in straight 
lines as long as they traverse the same medium, explains 
why opaque bodies cast shadtnvs. Fig. 16 makes this clear. 
It is plain that if the square of card (s) is held between the 
naked light in the lantern and the screen, it must cast a 
shadow over the section of the whole cone of rays which it 
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intercepts. It is plain, also, that while a small bright point 
of light must cast a sharp shadow, a large source of light 
must cast one fringed by more or less partial shadow called 
a penumbra ; and if the source of light be larger than 
the intercepting object, at a certain distance behind the 
object there must occur a position where the whole of the 
light is never intercepted, and no total shadow exists. 

17. Law of Inverse Squares. — Fig. 16 also illustrates 
the law of the iniemtty of light. If the object, o, is exactly half- 
way between l and s, its shadow will cover on the screen a 
space exactly equal to four similar squares. At twice the 
distance the light which reaches o has to cover four times 

I 

I Uie area; at thrice the distance, nine tunes. Hence the 
intensity of light is " inversely as the square of the dis- 
tance " from the radiant point. 

18. Reflection. — Law of Equal Angles. — We must 
now replace the condensers in the lantern and put on the 
optical objective, placing in the stage a blackened card or 
zincplate4 •* z^ inches, with a horizontal slit inits centrean 
inch long and about \ inch wide.' Three or four feet in front 

' Wilh the lime-liglit, if a nozzle with adjustable slit is at command, 
I Ihe pBiallel beam Ihrough this, without any ohjeclive, is better- But 

elttier arrangement will answer. 
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of the nozzle, n, place one of the pillar-stands, with the plane 
reflector, a b, in one of the horizontal sockets, as in Fig. 17. 
Fasten on the edge of the reflector just opposite to the 
socket, by a groove or wide saw-cut, a piece of cork, e, in 
which stick, at right angles to the reflector, a wire, c, as an 
index. The slit turned horizontally will project a thin slice 
of light (as it were) against the reflector, and it is at once 
seen that if this impinges at right angles it returns on its 
own path ; but that, if the ray be incident at any angle with 
the perpendicular index, it is reflected at the same angle, as 
shown in the figure, on the other side of that perpendicular. 
A little smoke from a bit of lighted touch-paper ' will make 
the course of the beam perfectly evident. Owing to the 
fact that any angle of the incident ray is thus reduplicated 
on the other side of the perpendicular, while the perpen- 
dicular incidence alone is reflected in the same path, this 
perpendicular is called the normal, and angles in optics are 
reckoned from the normal, and not from the actual reflect- 
ing surface. Thus the polarising angle of glass is called 
56°, and not 34°, which is the actual angle with the surface. 

This fact, that the angle of incidence is equal to the 
angle of reflection, was about the first optical law known to 
the ancients, and has several impor;tant consequences. First 
of all, it leads us to a grand general principle of reversibility. 
That is, if the radiant were removed to the " other end " of 
the ray, the path traversed would be precisely the same, 
reversed. This is very generally true in practical optics. 

19. Virtual Images. — Secondly, we perceive that a 
polished or perfect reflector must produce "virtual images." 
We **see" things in the direction from which the image- 
forming rays last come to the eye. Hence, taking the rays 
from a bright source of light, such, for instance, as a candle- 
flame (see Fig. 18), the divergent rays, when reflected, appear 
* Soft paper dipped in a solution of common nitre. 



as though they proceeded from a point behind the mirror, 
at which therefore there appears a " virtual image." 

30. Multiple Images. — As the eye can see the object 
direct, and also its virtual image, the object appears to be 
duplicated ; and it is easily seen that if more than one 
mirror be employed, images may easily be further muUiplied. 
Two parallel mirrors, by successive reflections, can be 
made to give a number of images, a familiar enaraple of 
which may be found by looking at the image of a candle- 
flame in a piece of thick looking-glass held obliquely; a 




whole row of images will be seen, as in Fig. 19, owing to 
the rays being reflected and re-reflected between and from 
both surfaces of the glass. At a great angle of incidence, 
the reflection from the first surface of the glass is as bright, 
or even brighter than that from the silver surface ; showing 
again that the comparative intensity or completeness of 
reflection from various substances, when polished, differs 
with the angle of incidence. If a piece of plain glass, 
instead of looking-glass, be used, we see also that reflection 
lakM place, not only when rays encounter the polished 



surface of a denser medium, as glass; but also at the 
second surface, where the rays meet the rarer medium of 
the air. We shall hereafter find that this last kind of re- 
flection is often the more brilliant of the two. In all cases, 
reflection is the more copious the greater the angle of 
incidence, except in this last kind of reflection. 

Repeated reflection sometimes produces most beautiful 
effects. When two mirrors are inclined together at an 
angle which is any aliquot part of a circle, or 360°, and 




the rays from any object pass in a path between them, 
nearly parallel to the junction, there must be as many 
images (including the object) as the angle is contained in 
360°. A glance at Fig. 20 will show how this occurs. Two 
such mirrors, or even plain rectangular oblong strips of plate 
, fixed in a tube, with a cap at one end made of two 
parallel transverse glasses, between which are loosely con- 
tained some coloured beads, or other transparent objects, 
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and with a small hole in the other (dosed) end of the tube, 
foiin the kaleidoscope of Sir David Brewster. In Darker's 
I-antem Kaleidoscope, the mirrors are of platinized glass, 
and are mounted with a convex lens at each end ; thus 
mounteii the apparatus takes the place of the ordinary 
lantern objective, and will produce beautiful patterns upon 
the screen if a rotating slide containing the fragments of 
coloured glass is placed in the ordinary slide-stage. In 
using this instrument the light must be raised half an inch 




to an inch above the usual cenlral position, and the angle 
of the mirrors turned downwards. This is to ensure that all 
the light which reaches the screen is reflected down upon, 
and upwards from, the mirrors; and the effect will resemble 
that in Fig. 3i. 

it. The Doubted Angle of Reflection. — Another 
very important consequence follows from this law of equal 
angles. It is obvious that in changing the position of the 



mirror, the reflecting surface itself moves through the same 
angular distance as the index or normal. • Hence it follows 
that any angular movement of the mirror is doubled by the 
angular movement of the reflected ray ; and this fact makes 
the "reflecting mirror" an invaluable method of recording 
minute motions. We are familiar with the lever-index, 
moving from a centre ; but in practice we are fettered in 
this means of multiplying small motions, by the weight and 




Other mechanical imperfections of an index-pointer of great 
length. In the reflected ray of light we not only double 
the angle to start with, but we have a pointer we can make 
of any length, which is absolutely straight, and weighs 
nothing at all. Hence the " reflecting mirror " has constant 
applications, of which the following will serve as experi- 
mental examples. 
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22. The Reflecting Mirror. — By keen sight, in the 
righl light, the motion of the pulse may just be discerned, 
though it is almost imperceptible. But cut a piece of look- 
ing-glass an inch square, and paste on its face a bit of 
black paper with a circular hole J inch in diameter. To 
the back attach in a triangle three pellets of wax, or 
anything that will stick to the skin, and stick the little 
mirror on the wrist, with one of the pellets just on the 
pulse. In the slide-stage place a zinc-plate or card with a 
J inch circular hole, and focus the reflected image of the 
aperture. Hold the wrist in the beam, so that the incidence 
is about 45°, as in fig. ja. At once the motion of the 
pulse is made visible to all by a motion of the reflected 

^^Rt of light on the ceiling of several inches. This is a 
' very pretty and striking experiment, though simple. In 
preparing for it, it is well to find the exact spot on the 
wrist at leisure, and to mark it by a dot of ink. 

In the same way we may demonstrate the rapid and 
minute motions produced by heat. Upon the table we 
adjust a Trevelyan rocker, a, with its block of lead, l, and 
fulcrum- knob as usual. Having heated it, we fix on its 
face, by any cement that will bear the heat, a small minor 
B, like that just used, and by our glass reflector, c, direct 
the beam of light from a small aperture down upon it at any 
uigle, so as to be reflected to the ceiling or the screen, 
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where the spot should be focused sharply, The whole 
arrangement is shown in Fig. 23. What would be a sta- 
tionary spot of light if the rocker were cold, is by the smaU 
rocking motion at once prolonged (by the persistence of 
impressions on the retina) into a bright line of light, and 
by gradually raising with the hand the block d bearing the 
fulcrum end, this is converted into a beautiful wavy line 
E r, which makes every separate motion visible. The 
rocker should be judiciously chosen by experiment as to 
its period of vibration. A kitchen poker may be made to 




do by bevelling one side of the square end to a very obtuse 
angle, and attaching the mirror to the opposite face. 

Our next illustrations may be from those vibrations 
which produce sound. The elegant experiment of M. 
Lissajous may easily be illustrated with the lantern and 
such a tuning-fork as may be bought for ^s. On the out- 
side of the end of one prong must be strongly cemented a 
small bit of looking-glass, and on the other a bit of metal 
or glass to balance it. We then mount the fork in a 
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heavy block of lead, place a slide with a sraall hole in the 
slide-stage, and arrange the whole with the plane reflector in 
the vertical socket, as in Fig. 34, so that the light from the 
lantern may be reflected back from the mirror on the fork 
A to that on the pillar-stand b, and thence to the screen, 
where it produces a spot, which must bo focused.' The 
card screen should also be placed between the fork and 
screen, with its blackened side towards the lantern, so that 
none of the incident beam may pass and interfere with the 



On now exciting the fork by a violin bow, the spot 
is expanded by the angular motion of its mirror into a 

' These are the nsual arrangements for a gas-burner ; hut where the 
lime-lighl is u^^ed, it will often he prererahle so to place this accurately 
in tlie condenser focus as to make the whole beam parallel, to remove 
the objective altogelher, and place the proper apertures 00 the front of 
llie notile, as is uanally done wilh an eleclric lantern. A rough tin cap 
is easily made in which the zinc plates can slide. Such parallel beams 
■re not focu.°ed. In all cases the mirror used should be as targ;e as 
practicable, as the brightness of the focused spot will depend on Ihn 
»iie of the pencil of light reflected by ihe mirror. These remarb* 
apply generally to the class of eiperimetit.'i depending upon reflection 
from a ftnall icirror. 
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bright vertical line ; and by slightly turning the reflector h 
in its vertical socket, tliis is developed, as before, into a 




beautiful undulatory form c d, showing each vibration of 
the fork. We may, as is well known, substitute a. second 



fork fixed horizontally for the mirror b, and thus get beauti- 
ful compounded curves ; but this belongs rather to another 
subject, and a pair of really accurate forks are expensive.' 
Equally beautiful optical effects may be got by squaring ofl 
carefully the end of a springy steel rod, cementing a small 
mirror on that,'' and fixing the otber end firmly by a screw 
into a mass of metal sliding on one of the pillars. This is 
presented " end on " to the nozzle of the lantern, in the 
position of the fork-mirror a in Fig. 24, but the reflecting 
mirror b is not moved. On now drawing aside the rod, 
and releasing it, or striking it, beautiful curves will be pro- 
duced, of which Fig. 25 may serve as specimens, depending 
on the thickness and length of the rod, where it is struck, 
&c. This is the simplest screen adaptation of Sir Charles 
Wheats tone's KaUidophone. Mr. Ladd lias made a modi- 
fication of it called the Totwphant, in which the rod is 
made of two steel slips of different lengths welded together 
like a girder ; and by bringing more or less out of the screw 
socket, almost any of Lissajous' combinations can be 
|)roduced. 

Get a large and thin daret or champagne glass— the larger 
the better— say 3 inches diameter, and fill to the brim with 
alum-water. Adjust this on the table as in Fig. 26, the 
reflector A throwing the full light from the nozzle n at a 

' Forks thai perform very well optically, may be bent up of steel 
alwat t X \ Inch. The arm.s should be about a foot long, and eauh 
arm furnished with a metal socket sliding easily on it, and fined by a 
screw a( any point. By these movable socket; ne have much conlrul 
over the periods of vibration. Such forks need not he polished. 

I These very small miirors are not easy to fix and to shape, even of 
the ihimiest plate-glass obtainable. Minute bits of glass silvered on 
the tirsi surface, after the mantier of specula, do better. The most 
convenient maferial of all 1 have myself found to be small polished 
discs of very thin steel, such as are sometimes used to ornament femi- 
nine articles. Unfortunately they are not easy to i>roture. Those 1 
have used "came olF" a fan. 
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slight angle down on the glass, and the lens e focusing the 
surface on the ceiling.' On now ringing the glass by the 
edge of a knife, circular waves of light and shade will be 
seen : and on dipping the finger in the alum-water and — 
holding the stem firmly down^rubbing the edge till the 
well-known sound is produced, small ripples will cover the 
surface in exquisite patterns, and follow the finger round, all 
being reproduced above on the ceiling. With a large thin 
glass the pattern may often be varied by pressure, but glasses 
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differ. A violin-bow, besides being in the way, produces 
somewhat too strong vibrations. 

' If m Ai^and burner is used, we want all the light, and the refleclor 
Lust be so brought up near the nozzle, [hat all is collected 
just into the circumference of the water. All scattered light must also 
be careftilly stopped ; covering the si rie- openings of the ordinary slide- 
stige with a cloth, seeing no light escapes anywhere, and standing the 
glass itself on a piece of black clolh, that no light maybe reflected from 
the table surface to the ceiling. In working with a low illumination 
much depends on these precautions, and with them Ihi; beautiful ex- 
periment will show very fairly on a ceiling 9 or 10 feet hiifh i ■ reflector 
in the lantern is also of service. With the lime light we need not 
be so particular, and the parallel beam wilt be best. 



nj 



THE REFLECTING MIRROR- 



39 



The vibrations due to sound may be shown by the 
reflecting minor in yet another way, due originally to Pro- 
fessor Dolbear. Procure a tube of any material about i^ 
inches diameter, and say a foot long — paste-board will do, 
or metal. Over one end of it stretch any thin membrane 
^part of a child's india-rubber balloon will answer excel- 
lently, or even a piece of paper gummed on. In the 
Igotre of this fix by a little gum or other cement a small 
it of thin looking-glass,' not exceeding at most J inch 
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square. The whole is to be arranged in any kind ot 
i-rutch or rest as in Fig. 27, reflecting a spot of light to 
the screen from the small mirror and plane reflector. Then 
sing into the open end of the tube. Every note will pro- 
duce a line or figure of some kind, each line varying in 
azimuth, and the figures often taking symmetrical forms, as 
the membrane vibrates under the sonorous vibrations in the 
tube. This simple experiment is very interesting and beauti- 
ful. Still more beautiful methods of optically representing 
these sound-waves will come before us when we consider 



lo separale loo much the image froJ 
n page 37. 
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the colours of thin films. Meantime these experiments 
may suffice for simple plane reflection, and the power of the 
reflecting mirror ; which last finds its fullest development in 
the " rotating" cubical mirror of Sir Charles Wheatstone. by 
which the velocity of light itself was measured by Foucaull 
with such marvellous accuracy. 

23. Reflection from Curved Surfaces. Concave 
Mirrors. — Further consequences follow from the law, or 
fact, that the angles of incidence and reflection are equal. 
Let us suppose our reflecting surface, instead of being flat, 
is curved, as in a portion of a sphere, of which a section i 




shown in Fig. 28, the centre of the curve or sphere being 
at c. A drawing upon a large scale will speedily show 
that a series of parallel lines, representing rays, leaving 
the mirror a at equal angles to those of incidence, must 
meet or converge nearly at the point f, midway between C 
and A. If we take a divergent pencil as in Fig. 29, we 
find still the same thing : here c is still the centre of 
the mirror, from which ail lines drawn to it are perpen- 
diculars to its surface. One such normal is shown by the 
dotted line, and simple inspection makes it evident that 
the lowest ray from s, reflected from the mirror at an 



equal angle on the other side of that dotted line, pro- 
ceeds to s, and that every other ray from s is reflected to 
nearly the same point. The qualification "nearly" is 
necessary, because a carefully constructed mathematical 
diagram will show that only a parabolic form will exactly 
converge parallel rays to one point, and that a spherical 
mirror only exactly converges rays emanating from the centre 
of the sphere. But for small surfaces the aberration is small 
even with spherical mirrors ; and these are the correct figure 
for aiding the light in lanterns or electric cameras, the rays 
proceeding from (he centre of curvature, and being reflected 




back through ihe same point, so as to reach the condensers 
at cxaclly the same angles as the direct light. Parabolic 
mirrors are often fitted by opticians to lanterns ; but a 
moment's reflection will show tliat such an arrangement is 
a mistake, as the condensers cannot deal properly at once 
with the divergent light from the radiant and the parallel 
light from the mirror. On the other hand, when a strong 
parallel beam is required, as in lighthouses, the parabola 
is the correct form. The point where parallel rays converge 
is called Ihe principal focus, 
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24. Images from Concave Mirrors. — As the rays 
from one point are collected by a concave mirror to another 
point, as in Fig. 29, we must necessarily have an image 
(§12). And because a wide cone of rays is thus collected 
and converged, this will be a brighter image than those pre- 
viously obtained. We have supposed S to be a point in 
Fig. 29, but if we take an object a e (Fig. 30) and trace 
only two diverging pencils for the sake of clearness from 
its top and bottom points, we shall see that both rays from 
A converge to a, and both from b at the point />; parallel 




, and 



I rays crossing at r, the principal focus of the i 
rays perpendicular to the surface at c, the centre of curva- 
ture. It a i is the object, then the enlai^ged image will 
appear at a b, owing to the principle of reversibility {§ 18). 
Inspection will show that the image must be inverted. 
All this can be easily proved by experiment, a concave 
silvered glass mirror 6 or 8 inches diameter being now 
procurable for a few shillings, and answering the purpose 



CONVEX MIRRORS. 

sufficiently,' the secondary image from the first surface of 
the glass being too faint to matter much in mere demon- 
stration. We simply remove the objective from the lantern, 
deflect it about 90° from the screen, and place in the ordinary 
lantern slide-stage any diagram, or some simple lantern- 
slide. The concave mirror (of not less than 6 inches focus) 
can then easily be so held by hand as to throw a very fair 
image upon the screen of the slide in the lantern. 

This, then, is one method of collecting sufficient rays from 
an object to form bright images-; which is practically utilised 
in the reflecting telescope, largely used for astronomical pur- 
poses. The rays to be collected being practically parallel, 
the figure of the mirror is parabolic ; and the collected rays 
may be brought to the eye in either of several methods, 
which need not be described in a work dealing only with the 
physical phenomena of light.' If the pupil of the eye be, say 
^th of an inch in diameter, and we "see " a star by the "light" 
which enters that small area, it will readily be understood 
how many thousand times the same quantity of light will be 
collected by a good speculum several feet in diameter, and 
how much magnification an image so produced will bear 
without too much loss of brilliancy. 

25. Convex Mirrors. Virtual Images. — The images 
just considered are rcii/ images: that is, the rays diverging from 
all points of the object being actually converged to certain 
points, if a screen be adjusted at these points the image or 
picture will appear upon it. A few moments' consideration 



' For pri»ale ciperiment all the phenomena of curved mirrora may be 
easiljr traced out b^ blacking the convex side of a watch-glass for the 
concave mirrot, and the concave side of another for the convex 



' These and other optical 
haled io Gnillemin's Appik 
Macmillui and Co. 
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and a simple diagram ' will show that if an object be placed 
in front of a convex mirror, the divergent rays from it must 
be reflected still more divergent, and must, therefore, since 
the rays are "seen" in their last apparent direction, appea 
to proceed from a point behind the mirror, obtained by pro- 
longing behind it the reflected ray-lines. Such an image 
appears smaller, and erect, and is a " virtual" image, having 
no real existence. If an object be placed nearer a concave 
mirror than its principal focus, a diagram will also show that 
no real image can be formed, but that a " virtual," erect, 
enlarged image will appear behind the mirror. 

j6. Scattered Reflection. — Turn the lantern again 
towards the screen, throwing from it either a beam of 
parallel light, or the image of an aperture an inch dia- 
meter if a plain burner is employed, stopping the beam with 
the black card screen at the end of the table. With the 
plane mirror throw the beam back, and rather towards the 
ceiling, to any point not very white or light-coloured, 
Neatly the whole of the hght will be reflected, but the 
mirror itself will be little illuminated, and the room itself 
will remain nearly dark. Now take the card screen, and 
turning round its whiU side, use that in place of the 
mirror. The beam of light is no longer reflected as be- 
fore (in the form of a bright beam) to the ceiling; 
the card is brightly illuminated, and a very considerable 
.amount of light is diffused throughout the room. Hence 
the light at first sight appears to be reflected according to 
different laws in the two cases. 

But it is not really so, and this simple experiment, with 
what we have already discovered about forming images by 
collecting and converging diverging cones of rays, explains 

^ The student is Rtrongly advised to construct such diagrams for 
himself, solely by the method of drawing riy-Unes at equal anyles of 
incidence uid reflection. 
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to us how things become visible, or send light to us, though 
that hght be only borrowed or reflected. We can under- 
stand in a moment that a perfectly polished surface, if such 
were possible, can only reflect to us or converge for us, the 
diverging rays from other and luminous objects, without 
altering them otherwise. It must itself, therefore, be utterly 
invisible. Such a perfect polish is unattainable, but our 
nearest approaches to it prove the truth of this. It is not 
uncommon for a large mirror occupying the whole of one 
end of an apartment, or the side of a landing, to be un- 
perceived ; ^ and Colonel Stodare's " Sphinx," which made 
some sensation years ago, depended upon the space between 
the legs of an apparently three-legged table being glazed 
with brilliant looking-glass. The stage being kept in a 
rather subdued light, and the carpet and hangings carefully 
arranged of uniform colour, with no "pattern,", to all 
appearance there were only three legs under the table and 
box which supported a living head ; whereas the man's 
body was comfortably accommodated behind the two opaque 
mirrore, placed with their angle of junction towards the 
spectator. 

Wjth surfaces not perfectly polished, or — which means 
the same thing — not perfectly smooth, it is very different. 
Let Fig. 31 represent such a surface, with its inequalities 
highly magnified. The rays from the left hand, say of a 
sun-beam, strike upon it all parallel. But even the few 
which for the sake of clearness are drawn, are reflected in 
all directions, owing to the furrows and protuberances of all 
sorts, which make the angle of incidence variable for almost 
every one. It can be seen that every reflected line in the 
diagram is drawn at the proper angle ; yet how different these 
reflected directions are I In reality the variety of directions 



' I once walked up again^I a large mirror pkced a 
elnli Hiircaie, and occupying the entire wall at the con 
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is countless, and thus from every sensible point of the surface 
comes, not the original parallel pencil of rays, but a cone of 
divergent rays. The body itself thus behaves like a candle, 
or has become luminous, though only by reflected light ; and 
thus it is that if we collect and converge these new cones of 
rays, either by the eye, or by any other methods, we form 
an image. 




Fig. 31— RfBecdon from Unpolbhcd SutfiLdes. 

27. Light Invisible.- — We push our experiments on 
scattered reflection a step further, for it bears on a very 
important matter. Already we cannot help asking ourselves, 
what is this Light, which obeys rigidly such simple laws, and 
yet produces such various effects by them ? The equal 
angles of reflection and incidence almost irresistibly suggest 
to us a ball rebounding from a wall, or a billiard-ball from a 
cushion, which (except for the influence of any "twist" in the 
latter case) obey the same law. It is natural to conceive of 
Light as consisting of infinitely small and highly elastic 
particles, propelled from the original luminous source; and 
such a hypothesis will account for most of what we have 
found, if not all. Being very simple and convenient, and 
so easily understood, we may therefore provisionally adopt 
it ; but besides some other difficulties we must grapple with 
later on, the hypothesis has one obvious difficulty that 



encounters us even now. Light ought, if it be as supposed, 
to be I'tsiile. And indeed we are apt to picture it as 
possessing intrinsic brilliancy of its own, and we have even 
appeared in many of the previous experiments to " see " the 
course of the rays — the very "rays" themselves — in our 
darkened room. 

Nevertheless it is not so, as a careful consideration of our 
last experiments soon leads us to perceive. This Light we 
are studying is not itself a Thing, but a Revealer of things. 
It is itself, and by itself, absolutely invisible. It makes visible 
to us luminous objects or sources, rays from which actually 
reach our eyes ; but if we look "sideways" at rays from the 
mostdazzlinglight, we cannot see them. Space is black. Ifwe 
appear in previous experiments to have " seen " the course of 
the rays in our darkened room, this is only because of the little 
motes in the air; and Professor Tyndall has shown that, de- 
stroying these by heat, and keeping fresh ones out of a glass 
tube thus cleared, the space traversed by the full beam of 
an electric lamp is dark as night. We demonstrate this less 
perfectly, but sufficiently, as in Fig. 32. Place on the table a 
confectioner's glass jar, a, 6 inches in diameter, cover it with 
a glass plate, b, and drop into it a bit of smoking touch-paper, 
which soon fills the jar with smoke. Adjust the plane 
reflector, C, to throw the whole light do>vn as parallel as 
possible, when the jar is at once filled with a peculiar 
lambent light. Take off the plate and let the smoke out ; 
and, as it disappears, dark spaces appear where there are no 
particles to reflect the light, till all is dark. The Light itself 
is there alike at all times ; but where there are no solid 
particles to reflect it actually to ike eye, we see nothing at all. 
The Light that illuminated the jar is itself invisible. 

Once more ; clear the jar and fill it with clean water. Again 

it is almost invisible, except where the rays m.iy be reflected 

a some point of the glass direct to the eye ; and it would 
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be quite invisible were the clearness of the water and polish 
of the glass perfect, as we have seen (§ 26). But now pour in 
one or two spoonfuls of milk and stir it up. At once a splen- 
did opal light fills the jar, and a pleasant radiance the room. 
Many students, and even teachers, too much despise these 
more simple experiments ; but they ate not only of great 
beauty, they are pregnant with meaning. We liave here not 
only a difficulty in the "emission " theory which we must not 
forget, but we have hadanother striking example of scattered 




reflection — that kind of reflection by which most bodies are 
seen. In white light, more or less of such scattered light is 
always white. Therefore " coloured " bodies reflect white light 
as well as coloured ; and more white light will be reflected 
from a black hat in the light, than from a shirt-front in the 
shade. Smoke is soot, and we all know soot is black ; but 
in our last experiment but one, the light we got reflected 
from our particles of smoke, when diffused, was white. 




CHAPTER III. 

■REFRACTION. — TOTAL KEFLECT[ON. — PRISMS AND LENSES. 



The Refraction or Bending of Rays— The Law of Sines— Indei of 
Refraction— Total Reflection— The La iiiaous Csscade— Prisms- 
Lenses — Images produced by Lenses— Focus of a Lens— Virlua 
Images and Foci. 

28. Refraction .—Provide a rectangular tank about two 
inches between the sides, one of which, to serve as the front 
is a piece of glass a foot square, or a little more ; let one 
end also be of glass, and the top open.' Paint over the face 
with black varnish all but a circle, on which paint a hori- 
zontal and perpendicular line through the centre, as in 
Fig. 33. Provide also a strip of thin zinc or copper black- 
ened, c D, rather wider than the tank, and about three indies 
longer, in which cut two slits ^ inch wide, and nearly the 
whole width of the strip (or depth from front to back of the 
tank) in length, in such positions that when the strip rests 
perpendicularly against the glass end, the slit f. shall be about 
i inch abo^■e the horizontal line, and the slit f make an 

' Professar Tyndall was the first fo employ this smiiing method for 
laatern demom (ration of refraction. His tank wascircular,likea clocli- 
fBce. The square fonn here described is more easily made, and the 
loo« cover and slits have advantnges in demmstrating total rclleetion. 



angle of 40 degrees from the centre of the circle with the 
horizontal hne. 
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Fill the tank exactly to the horizontal line with water 
nixed with two or three drops only of inillc ; place the 
netal strip over the top with both slits towards the lantern, 
ind arrange the reflector as in Fig. 34, placing in the optical 




stage the slit used in our first experiment in reflection, hori 
zontally, or using it with parallel light. First of all direct 
the light through the slit e (Fig. 33), only a little off the 



perpenfUcular, covering over the other slit. It will be seen 
that the ray is bent or refracted on entering the water. 
Cover up this slit and uncover the slit f (Fig. 34), near the 
end of the tank, and blow in a very little smoke from a bit 
of touch-paper to show the course of the ray. (If too much 
is used the light will be scattered, as in our last experiment.) 
We now see more clearly all that takes place. First of all, 
the ray is much rrwre bent than before; and secondly, a 
considerable part is reflected according to ihe law found in 
our former experiments. 

29. The Law of Refraction, — We have found that in 
passing from the air into the water the ray of light is 
wrenched or bent down to ward s the perpendicular, or 
rtfracted, as it is called. The greater tlie original angle 
with the perpendicular the greater also is this bending, and 
we naturally inquire if there is any law which governs these 
variable angles of deflection. The law is simple enough 
when known, but not very obvious to mere observation. It 
eluded even Kepler's special investigation, and was only 
discovered about 1620-25, by WillebrodSnell. It is called the 
'■ law of sines." Taking a circle, as drawn on the face of our 
tank, described round the point where the ray enters the denser 
or more refracli^'e ' medium, and drawing the perpendicular 
or normal, a b (Fig, 35), we may take any incident ray, d c, 
and the refracted ray, c d. From the points at which these cut 
our circle we let fall ns and ds perpendicularly upon the 
normal ab; then n s is "the sine" of the angle of incj- 
ilence, and di that of the angle of refraction, and the two 
lines will bear a certain proportion ; in the case of air and 
water here supposed, it is almost precisely as 4:3. Now 
take any other angle of incidence, e c, and its refracted ray. 
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A heavier fluid may have less refractive power, 
a lighter one. Oil of lurpenline floats 
refractive power. 
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c ^, and drawing the sines as before, they will bear precisely 
the same proportion. All the sines bear the same invariable 
ratio. 

30. Index of Refraction. — When this ratio of the sines 
is put into the form of a fraction — generally a decimal fraction 
— it is called the " index of refraction." Unless otherwise 
specified, figures so given are understood with reference to 
air as unity. In the case of air and water we have seen that 
this ratio \% nearly^) and when put into decimals, 1*335 
is the " index of refraction " for water. It follows, that the 
greater the refractive power the higher the index must be. 




Fiu. 35. — The Law of Sines. 



31. Refraction into a Rarer Medium. — We have 
proved that a ray passing obliquely from air into water is 
bent towards the perpendicular, or downwards; and yet 
if we look at a stick standing in clear water it appears to 
be bent upwards. Fig. 36 explains this. The dotted 
lines represent the real position of the bottom part of 
the stick, and those dotted from the lowest point show 
the course of the rays which reach the eye from that 
point. On reaching the surface they are bent from the 
perpendicular, and the bottom of the stick is " seen " in 
the direction from which the rays actually enter the eye. 



We thus see that the course of the refracted ray, like that of 
a reflected ray, is exactly reversible. If the bottom of our 
tank is made of glass, and it is raised up from the table and 
a ray sent up through the water, it can be shown experi- 
mentally that at sufficient angles the ray is refracted from 
the perpendicular on leaving the water: or the ray may 
tnter the top of the tank as before, and after first being 
refracted downwards, will, on passing through the glass 
bottom, be again refracted apjvards, or from the normal. 
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. Total Reflection. — But there is a curious limit lo 
this- Seeing that as the angle of incidence increases, the re- 
fracted ray is more and more bent downwards, or towards the 
perpendicular, we cover the top of the tank with a bit of plain 
board, and place the metal strip upright against the end of 
the tank, in the position of Fig. 37. Gently canting our 
lantern a little, we pass the beam direct through the slit r 
(Fig. 37), so as to enter the water almost horizontally. We 
find the ray bent down a great deal, about at an angle of 
45", as shown by the thin white line C d. Now we have 
iiscertained that if we throw the ray first by our reflector 



up llirough the water, in this case the path is exactly rt- 
vened. It occurs to us at once, that if we sent our beam 
at a slightly greater angle {never 
forget that all angles measure 
from the normal) through the 
water, there is no path in the 
air it can assume : it would ap- 
pear that it could not get out 
of the water at all. We try it, 
as in Fig. 38, sending our beam 
up through the lower slit by a 
bit of looking-glass, so as to 
strike the centre at an angle of 
50° from the normal.' It does 
not get out — not a sign of it. It is totally reflected ; and 
because this reflection is total, it has a brilliancy not pos- 
I by that frotn even the best silvered mirrors. It will 
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shown by a beautiful experiment when we come t 
llie subject of colour. 

33. A Luminous Cascade. — There is another very 
beautiful method in which total reflection may be illustrated 
by the lantern, called the "luminous cascade," or "fountain 
of fire," which may be arranged so as to be very effective 
by simple means. Get a two-necked glass receiver (Fig, 
39) about 4.1 inches diameter, w 
as large necks as possible, and 
in each neck fix by corks glass 
lubes of similar size, as large as 
possible, not less than | mch clear 
bore, and I inch is belter.' Black- 
varrtish all outside, except a circle, c, 
three inches diameter, opposite the 
neck meant to be horizontal, and '"" "" 

adjust this as at a {Fig. 40) close against and projecting into 
the lantern nozzle, (the flange nozzle, with the objective 
removed,) on any stand, filling with water first, and cork- 
ing the tube in the horizontal neck liU all is arranged. 
Several feet higher, fix some sort of supply tank (a 
bucket" will do) with a bit of tube fixed by a cork in 
the bottom, and connect with the top neck by a 




above the level of the head and of a candle, or by immersing the lower 
end of a test-lube slantwise in «aler. Whatever is placed in the dry 
lube will be invisible, and the tube brighter than silver ; but on pouKng 
in wrater the brightness disappears and ihe contents of the tube become 

' There is sometimes difficulty in prucuting a receiver with both 
necks large enough, on a small globe. In that esse, in.<ert b.h large a 
tobe ts it will lake in the largest aeek, for ibe emission opening, and 
slrain lh« tlexible supply tube over the other neck akiiie, whith will 
give plenty of aperture for the supply. A fair-siied stream is a lime 
ftia nctt ; otheruiie there is not enough light, and it breaks up loo 
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flexible tube, e, the whole arrangement being shown in Fig, 
40, Finally adjust the tight at such distance from the 
condensers that the greatest possible amount is concentrated 
into the space occupied by the emission -nozzle. Having 
adjusted all this, and filled the tank, remove the cork from 
the tube, and let the water stream out in a gentle cun-e 
into abuckt't on the floor. The effect is beautiful even on 



this small scale. The jet is like a stream of living fire ; and 
if we have some coloured glasses and slip them in turn 
into the ordinary slide stage of the lantern, we get blood-red, 
blue, or what colour we desire. Alt this is owing to " total 
reflection," . If the water did not issue, and we replaced the 
cork by a ground-glass stopper with flat polished ends, we 
know the light from the lantern would be thrown horizontally 
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into the room. But it meets the stream of water on every 
side at much more than the angle of total reflection; and so 
it cannot get out, but is reflected from side to side all down 
the stream, making it brilliantly luminous by the small motes 
in the water, Put the hand in the jet, and it is bathed in 
light — that light which cannot get out of the stream except 
where we thus break it up. 

34- Deflected Rays.— We must, however, follow re- 
fraction a httle further. We have seen that the path of a 
refracted ray is reversible, and that, on leaving the water, it 
13 hciit from the perpendicular. We easily see (Fig. 41) that 



I 




if a ray, s, passes from and into air through a denser medium 
with parallel surfaces, as a thick piece of piate-glass, it must be 
deflected somewhat, but finally resume a direction parallel 
to the original, as if proceeding from s'. We may de- 
monstrate this with the lantern, by placing in the ordinary 
stage with objective removed, and focusing on the screen 
with the loose lens, a blackened glass slide with one or more 
perpendicular lines, or other tigures, scratched in white 
through the varnish. Now hold across the slide a strip of 
plate glass \ inch thick, so as only to cover a portion of the 
Aguw. When this is held flat to the slide there is of course 
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no perceptible refraction ; but when the plate glass is held 
obliquely, so that one end is farther from the slide than the 
other, the lines as far as covered are perceptibly deflected or 
broken. (Fig. 42.) 

35. Prisms. — But we further perceive that if the two 
surfaces of the glass are inclined to each other, the ray must 
be permanently deflected into a new direction. Any refract- 
ing body with faces so inclined is called a prism. Fig. 43 
shows a section of such a prism, and it is clear that a ray, 
s I, infringing on the first surface at the angle sin with the 
normal n, will be refracted in the path 1 E towards the per- 
pendicular. But E n' is the normal to the second surface, 
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and on emerging the ray must be refracted from that, in the 
direction e r, widely different from that of the incident ray. 
It is equally clear that the deviation must depend not only 
on the density, but on the angle of the refracting surfaces of 
the prism. It also, however, depends on the position of 
the prism {§ 36). 

All this is easily demonstrated ; but to avoid mudi colour 
phenomena, which must be studied separately, it is best tO' 
liike a water-prism of rather a small angle. Such a prism is 
readily constructed by shaping a smooth wedge of beech 
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about 3 inches square, one inch thick at one side, and tapering 
to an edge at the other. Bore centrally through, from face 
to face, a circular hole 2 inches diameter ; paint the inside of 
the hole witJi sealing-wax varnish ; and then, heating two 
clean pieces of plate glass 3 inches square, cement them with 
hot sealing-wax or shellac on the flat sides. By a small 
hole bored from one end of the wedge this prism may be 
filled with water, or the hole may be entirely opened out to 
one end so as to form a small open trough. Placing a small 
aperture in the optical stage, and focusing on the screi 




^B£d the water-piism on one end on the table-stand (Fig. 
11) and adjust in the path of the rays. It will at once be 
seen how the image is deflected. If a multiplying glass, 
which can be bought for a shilling or two, or the button 
from 2 glass "lustre," is held in front of the nozzle, 
number of refracted images will appear on the screen. 

36. Position of Minimum Deviation, — It will soo 
be found that the deflection varies as the prism is turned round 
upon its axis into diff'erent positions. It will also be found 
thai the deflection or refraction is least when the prism is 
placed as in Fig. 43, so that the incident and refracted rays 
make equal angles with their respective surfaces. ^This ] 
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position is known as that of " minimum deviation," and is 
carefully arranged for in all accurate prism work, such as 
spectrum analysis. 

37. Lenses. — ^Let us now consider a number of prisms ot 
gradually increasing angles, arranged round an axis. Fig. 44 




may represent such a combination of prisms in section. A 
glance at the diagram shows that the outer parallel rays, 
from the left hand, meeting prisms of greater obliquities, 
are more deflected than those nearer the centre ; and that 



if the obliquities are properly adjusted, all might be made 
to converge in one point. If ihe obliquities are infinite 
in number, it is obvious we get cwved surfaces, and such 
form a hns. These may either be convex or concave on 
either or both surfaces, or flat on one, and convex or 
concave on the other. It is plain that whatever the figure 
r.iay be, if they are thicker in the middle than the cir- 
cumference they will be coni'trgltig lenses ; if thickest at the 
circumference, dwerging lenses.' 

;(8. Images formed by Lenses. — Since parallel rays, 
falling on the double-convex lens a (Fig. 45) converge to the 




point F, which (as in the case ol a converging mirror) is the 
principa! focus ; and since the path of the rays is reversible, 
and rays from the point k after traversing the tens become 
parallel, a moment's consideration will make clear that 
if the raj's divei^e from any point beyond^^if^ principal focus, 
they must converge to some other point and form an image. 

* A lens fonncd by two equal convex surfaces is called a double 
coDvex lens, and if the two convei surfaceii nre of different curves, 
■ " crossed " lens; lenses wilh two concave surfaces are double- concave 
leasts ; those with one side flat, plano-convex or plano.concave ; a lens 
wiib one aide convex and one concai 



Fig, 46 shows this. Tlie parallel rays from A and n 
convei^e at the principal focus f after traversing the lens 
o ; but if rays diverge from the points A and u of an object 
(only pairs of rays are shown for the sake of clearness) they 
converge to the points a b and form an image. It is also 
clear how the respective distances of image and object 
govern their respective sizes, so that \i ab is the object, a b 
will be its image. Also that the image thus formed must 
be inverted. 

Thus we have a second method of forming brilliant 
images, the lens taking up a large cone of rays from each 




point of the object. As in the case oi mirrors, however, the 
spherical surfaces which are most e^ily ground do not 
truly converge the rays to a point, except for a small 
central portion of the lens ; the figure necessary to do this 
being parabolic Such parabolic lenses have been ground, 
though with great difficulty. There are however other errors 
also to be corrected ; and it is easier and more convenient 
to correct all these errors by methods presently described, 
or to stop off some of the most erroneous marginal rays. 

39. Virtual Images and Foci. — A mere inspection 
of Fig, 47 will show that if the object or luminous point 



J 



VIRTUAL IMAGES AND FOCI. 

be nearer the convex lens than its principal focus f, the 
rays cannot form an image, but simply become less 
divergent. If the emergent ray-lines are produced back to 
s', that will be tbe "virtual" focus. In this case we have 




also a virtual, magnified and erect image, as in the ordinary 
way of using a magnifying glass.' 

40. Concave Lenses. — A double concave or other di- 
\t*Tging lens either converts parallel rays into divergent, as in 





•f 48, or convergent rays into kss convergent ones, which 
I" be parallel, or still remain convergent. Such lenses 

* TTie student is again strongly urged to work out for hiraaelt 
IS oF this and other cases ; not here described in dela.i1, as unsuil- 
le to the cxpetimental chancier of this work. 
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can only have a " virtual " principal focus, f, obtained 
producing back the divergent ray-lines into which they n 
parallel rays. 

A whole host of optical instruments, which cannot here 
be described,' are based upon these propertie? of lenses ; 
especially microscopes, telescopes, and such lanterns as we 
employ in our experiments or for exhibiting views. In 
most microscopes and telescopes, a magnified imag'e ii 
further magnified by an ej-e-piece. In the lantern, thei 
"condenser" lenses are employed to make the diver^ging. 
rays fi-om the radiant parallel or nearly so; v^hile the 
objective, or our loose focusing lens, forms a magnified 
inverted im^e upon the screen of some object powerfully ■ 
illuminated. Except as regards details necessary for cor- 
recting aberrations, these phenomena of refrac-.ion explain 
them all ; and every curve of every lens has to be calculated 
for the special work that lens has to do, according to its 
index of refraction and the law of sines. 

' See GMiMemia's Afijrlicatiaiis a/ PAvsical Fi>r^a. Macmillan & Cn. 
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:ctrum — Different Coloors differenlly Refracted — and each 

r bos its own Angle of Total J eflection — Position of (lie Prisin 

s Eflecl— Correction of Aberralions by Variations in Position 

i>White Light a Compound of Various Colours-- Suppression of 

r produces Colour — Artificial Composition of White Light — 

L Narrow Slit necessary for a Pure Spectrum — The Rainbow — 

:tion and Dispersion not Proportional — Achromatic Prisms . 

d Lenjes — Direct Vision Prisms — Anomalous DisperaioiL 

41. The Spectrum. — With the water prism as before 
described, or if the muUiplying-glass or 1 us i re-button used 
(o produce the multiple deflected images has faces of small 
obliquity, nothing more may have been noticed than the 
refraction described in the last chapter ; tiiough even with 
these instruments attentive observation will generally dis- 
cover a slight fringe of colour at the edges of the refracted 
images. We must now, liowever, employ a prism of more 
density and greater angle — either the glass prism (Fig. 9), 
or the prism bottle filled with bisulphide of carbon. Place 
in the optical slide-stage a perpendictilar slit J inch deep 
and ^ inch wide, and arrange either the flint-glass prism, or 
ihe bisulphide prism on the stand, as in Fig. 49, first 
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focusing the slit upon the screen; and, as we expect 
* the rays to be now very seriously deflected, turning the 
lantern off at a considerable angle before interposing the 
prism.^ What a spectacle we have ! There stands the 
glorious rainbow-band as first revealed to Newton's enrap- 
tured eyes ; and which is to introduce us to a new and 
magnificent field — that of colour. Of all the people who 
have experimentally studied Optics, and who of course have 
performed this experiment scores and scores of times, never 
one yet but has felt that it never loses its fascination ; the 
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t'iG. 49. — Production of the Spectrum. 

same feeling of delight ever comes upon us, as that Spectrum 
appears on the screen (Plate II. A), which is to go with us, 
and be more or less, our guide, through great part of our 
future experiments. It is at once noticed, that while all 
the colours are bent aside, the red end of the spectrum is 
much less bent than the blue. 

42. Different Colours differently Refracted. — 
Newton deduced from this and other experiments with the 

^ With a ga^-burner the screen distance should not exceed about 

six feet. 



EACH COLOUR HAS ITS OWN ANGLE, 6; 



mm, that each colour of light had ils own degree of re- 
frangibility, and that white light was compounded of various 
colours. We demonstrate the first point as follows. Arrange 
as before, but with a short as well as narrow slit in the optical 
stage — let it, say, be an aperture \ inch square — and let its 
long narrow spectrum be projected by the bisulphide prism. 
We may perhaps think that the effect of the prism is merely 
'if Itself to spread or open the rays. To see if this is the 
case or not, we adjust behind the first prism, or between it 
and the screen, our glass prism in a horizontal position, with 
the refracting edge downward. If it be so, our spectrum 
will now he generally widened as well as refracted upwards. 
It is not, however; the violet end is refracted up far more 
than the red end, and the spectrum appears on the screen 
askew, or slanting. Tlie spectrum may be perhaps a little 
thickened or widened, but that is all (it will not be so if it 
is a good long or well dispersed one, such as is produced 
by employing two bisulphide prisms). Each colour, pro- 
ceeding from the red end, simply appears more and more 
bent np. Hence the "dispersion," or opening out of 
ihe beam of while light into a spectrum of various colours, 
may be accounted for on the hypothesis of a different 
refrangibility for each colour, supposing only we find on 
experiment that such a combination of colours will compose 
white light. 

43. Each Colour has its own Angle of Total Re- 
fiection. — Newton proved the special refrangibility of earh 
colour by another still more beautiful experiment ; one of the 
most elegant ever devised. ' It depends on the facts already 
noticed, that the angle of total reflection must vary with the 
index of refraction {g 32) ; the violet rays being totally 
refiecled (because more refracted), at an angle which would 
allow the red rays to leave the denser medium. Newton 
itaeicfore arranged an experiment as in Fig, 50, except thai 
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he employed the parallel rays of the sun instead of those 
from the lime-light lantern. A perpendicular slit n is placed 
in the optical stage with the objective removed, or on the 
nozzle of the lantern if an adjustable slit is at command, 
(see Fig. 50, which shows all the arrangements in plan). 
As .close to the slit as convenient, on a table-stand, simply 




Fig. 50. — Newton's Experiment. 

** Stood up " on their ends, are two similar right-angled glass 
reflecting prisms, p and P2, with their reflecting sides 
together, kept together by an elastic band passed round near 
each end ; they must not, however, quite touch, and may, 
if necessary, be kept apart by a narrow slip of paper at each 
end between them. In the direct path of the rays from the 
slit, is a focusing lens, f, and beyond that, on another 



table-siand, is placed a bisulphide prism-bottle, b, in the 
usual jxisition for throwing a spectrum on the screen, s s. 
In the path of the rays totally reflecred from the film of air 
between p and V2, is another focusing lens, f, and beyond 
ihat, on a third table-stand, a second bisulphide prism -bottle, 
1(2, which throws its spectrum on the screen, ss, adjusted at 
right angles to the other screen. Ali being ihiis arranged 
in the general, the double prisms, p and P2, can be turned 
round their common perpendicular axis from light to left in 
the figure, till nearly all the rays from the slit pass through 
both, and the ptism b throws a spectrum on the screen, S s, as 
usual. Except for a little loss by reflection and absorption, 
all is just as if p and pi were not there, the refraction of one 
being exactly neutralised by the other, and the rays passing 
as if through one square bar of glass. Let now the double 
prism be very carefully and slowly turned round in the 
direction of the hands of a watch. At one certain point of 
revolution, just when the film of air meets the rays from the 
slit at the critical angle for violet, the violet kai<ei the 
spectrum on the screen s S, and, being totally reflected, appears 
on the screen ss}- Continuing very slowly to turn the 
double prism, all the colours in succession leave the spectrum 
on s s lo appear simultaneously on the screen s s, so that if 
we letter the screens with the conventional names, at the 
point when one screen has only left on it the colours v o r, 
ihe other screen presents the missing colours, v ib g, which 
are " totally reflected." * 

' TTie cfTecl is less visible on this screen, enough lighl lieing alwayB 
reflected from the air Fiuface to give a liUJe sjiecltum. liut it can \je 
teen thmt the violet i& strengthened. 

' Only the suii, or the small radiant point of the electric light, will 
give (he phtnomeaa fer//c/iy in these detaiU. A large gas-burner will 
MK anEwer fiir the experiment at uU. A "mixed" jet will perform 
itflirl; if the condenser will throw nearly parallel rays. The " blow- 
ihrongh " form gives too large a radiant fur a good panllel beam ; but 
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This beautiful experiment, then, shows that each colour 
has, in addition to its own proper index of refraction for the 
same medium, and in consequence of it, its own proper 
angle of total reflection. 

44. Position of the Prism. — Notice further that, as 
with the water-prism (§ 36), on turning the prism round its 
vertical axis (it may here be observed that the best place for 
a prism is nearly or a little beyond where the rays from 
the lantern cross ; in this position all the light easily gets 
through it), a position is soon found in which the beam is 
least deflected. But still further observe that, on rotating 
the prism on its axis in one direction from this position, the 
ray is not only more refracted, but more dispersed: the 
spectrum is lengthened, particularly at the violet end. 
Rotating in the other direction, while the refraction also 
increases, the spectrum is shortened. 

45. Chromatic Aberrations. — This fact has an im- 
portant application. If the prism refracts the blue rays more 
than the red, then a lens must do the same, and will bring 
blue rays to a focus nearer the lens than the focus for the 
red rays. By placing in the slide-stage two apertures pretty 
close together in a black card, one covered with red gelatine 
and the other with blue, and focusing them on the screen 
with the large loose lens, it can readily be shown that this 
is the case ; and thus, besides the " spherical aberration," 
already alluded to (§ 38), we have what is called " chro- 
matic aberration," due to the fact that a single lens will not 
unite all colours accurately in the same focus. 

46. Correction of Aberrations. — But we have here 
found a means whereby different combinations of even 
single or non-achromatic lenses may be arrange so as to 

even with that, it is at least easily shown, by taking both ytism-boiiles 
away, and leaving the rest of the arrangement, that at a particular angle 
tb£ direct image of the slit is reddish, and the reflected one bluish. 
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^correct, lo a considerable exteni, both tliese aberration" 
detail, ibis must of course be worked out matliematicaily ; 
hut a simple illustration of a point which often puzzles 
students is worth while. We have just found that the effects 
of three prisms, a, b, c (Fig. 51), of equal angles, variously J 
inclined to a horizontal ray, coming, say, from the left [ 
hand, will be verj- different ; and therefore these effects may j 
be made largely to counteract each other. But these prisms 
may, as before shown, be regarded as portions of simple 
]ilano-convex and bi-convev lenses. The arrangement 
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adopted for our optical objective (Fig. i) is one thus planned I 
lo correct a great deal of chromatic and spherical aberration 
by very simple means. 

47. White Light compounded of the various ' 
Prismatic Colours. — ^Taking the different colours, as they 
leave our prism independently for the screen, or exist other- 
wise, we can show in many way^ that when brought together 
ihey produce white. First of all, arrange a second prism b as 
in Fig. 51, so as to intercept the dispersed rays, and bend 
them back again, but leaving an interval of an inch or 
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so between the prisms. We at once restore the image of 
our slit on the screen, and it is wkiU. 

48. Suppression of Colour produces Colour.— 
Now interpose gradually a black card, c, between the two 
prisms, so as to suppress part of the spectrum produced by 
the first prism. We still get a sharp image of our slit, and not 
a spectrum ; what are left of the coloured rays are accurately 
brought together again ; but it is now a coloured image, and 
we learn an important lesson that holds good through nearly 
all future experiments. It is, that we almost invariably get 
colour by, in some way, taking away or suppressing colour. 
If, instead of the black card, we interpose the edge of a 
slightly wedge-shaped prism, the colour taken away appears 



V\ii. 52. — Kecomposition of White Light. 

separately, and is always "complementary" to the other — 
that is, together they make white light. (§ 71.) 

49. Experiments in Compounding Colours.— 
A convex lens will also compress the colours together 
into a white image ; and a cylindrical lens will do the same* 
The latter is rather expensive, but may be extemporised 
successfully by using a confectioner's glass jar 6 inches in 
diameter filled with water.^ Properly adjusted between the 
prism and the screen, this also will compound out of the 
spectral rays a white, though not perhaps very sharp, image 

^ In cold H'cather the water should be slightly warmed, else condcn- 
Kation of moiBtnre upon the jar will interpose tedious hindrances to 
getting a good image. 
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of the slit ; and stopping off part of the spectrum will, as 
before, produce colour. 

Another beauliful and striking method is shown in Figs. 
53 and 54. Get seven bits of looking-glass J inch wide by 
2 inches long. From a round wooden rod an inch diameter 
cut discs, say ^ inch thick, as stands : to the top of each of 
these attach a bit of soft wax, and in this stick the end of 
a mirror, so as to stand vertically as Fig. 53. Arrange as 
shown in Fig. 54, standing the mirrors on a piece of 
blackened board, a, on a table-stand. First adjust the 
stand at such a distance ihat the rays from the prism i' 




about cover tlie breadth occupied by all the 
together, and then take off all but one at the end, and 
adjust that so that it may reflect its colour to a good spot 
on the screen, s. Put on the second, and turn that till its 
reflection occupies the same spot ; so of the third and the 
rest. Note the changes of colour as we add colour after 
colour ; till at last we have white. But take away — suppress 
^any one colour, and again we get colour. 

Our next method depends on the persistence of visual 
impressions. We " see " things nearly a second, after tlj« 
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exciting cause is gone — a long time, considering the ap- 
parently instantaneous character of -all other light pheno- 
mena. Hold a shp of card in the diverging cone of light 
from the lantern ; it is a mere strip of bright white. Cut 
rapidly through the cone as with a sword ; it appears a 
white disc the size cf the cone at the point of section.' 
Take, then, a white card circle, 12 inches diameter (Fig. 55), 
and divide into four quarters. On each of these paint in 
clear water-colours, as nearly as possible in the proportions 
of the spectrum, ihe seven spectral colours. Vou will not 
get them very correct at first, and it may be best to pur- 
chase the " Newton's disc," as it is called, of an optician ; 




but many of such are too dark in the blue division. This 
is to be mounted so as to be rotated by a cord ami simple 
multiplying arrangement, and then adjusted near the 
screen facing the lantern, so that all the light may be just 
about concentrated upon its face when the focusing lens is 
run fully out. If the disc of light is too large, place a. 
fircular aperture, cut in a black card, which will sufficiently 

' I first siw this simple illustration employed by Professor Tyndoll, 
Another lamiliar example U found in tlie circles of light produced liy 
whirlinu round a lighted .stick. Matiy toys of the " wheel of life " class 
depend on the same fact ; and slides can be procured From any optician 
by which the «ime phenoineni can be excelleiifly shown with the 
lantern. *rhey are k^own as Eidotrope slides. 




reduce it, in the optical stage. This is iniporfant, for this 
fine experiment often fails because carried out by the general 
gas-light of the lecture-room, which gives very poor effect ; 
whereas the full beam from the lantern brought on the 
face of the disc in a dark room appears very differently. 
Now rotate the disc rapidly, and we get uihik more or less 
bright or greyish, according to the correctness of the pro- 
portions. Newton's disc can also be purchased as a glass 
slide for the ordinary stage of the lantern, and shows very 
perfectly in this way, but it is inferior to the painted card 
for the next experiment. We see, either way, that the 
presentation of a proper assortment of the colours to the 
eye, anyhow, so as practically to mix thera, produces white. 
It is true, white prod\iced in this latter way is, by com- 
parison, greyish ; and hence some of those who pride them- 
selves upon being " practical " colourists, and despise the 
scientific investigations of those they term " theorisers," have 
denied that white can be really thus compounded. It was 
only very recently stated in print that the experiment only 
succeeds at all with " pale washes," and only produces a giey 
then : and this was stated with sufficient assurance to pass 
for positive knowledge. But it is simply due to ignorance 
of two points. In the first place, so far from requiring 
pale washes, the more vivid the colours are the better, it 
approximately pure ; with some few discs I have seen a 
really very good white produced. And in the second place, 
a grey is the necessary and simple consequence of a de- 
ficimey of light ; as can readily be proved by gradually 
diminishing the light thrown upon a really white disc of 
card- — it gradually becomes grey. Now assuming that the 
spectrum may roughly be divided into seven colours, and 
that our while is produced by the successive presentation 
of these to the eye ; a moment's thought will make it 
evident that, at the very most, only ene-sfMith of the liglit 
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that a white disc would refkct, can be reflected by tlie 
coloured disc. In reality, owing to absorptions explained 
later on, it is very much less ; and hence our white must be 
more or less of a grey if contrasted with a really white card. 

We carry the last experiment a step further. Cut out 
from a circle of blackened paper, the size of the disc, 
radial sectors so arranged as to cover the same colours 
each quadrant — say, the violets and blues— and fix them 
on the disc by a drawing-pin at the end of each. We thus 
suppress colour ; and, as before, wc get colour. Again, 
prepare a disc of stiff, blackened card, as in Fig. 56, with 
two radial slots each 2J inches long, and say, ^ inch wide. 
Run a lirawing-pin through the centre into the end of a. 
stick, so tliat it can be rotated by the finger like a child's 
windmill, and hold the affair, or fix the stick in the clamp, 
so that each slot in rotating will cross the nozzle of the 
lantern and so let a flash of light through. The nozzle 
itself should be covered with a cap in which is a simitar 
slot, so as to make the flashes as nearly as possible instan- 
taneous. (This rough-and-ready plan does just as well a 
more finished apparatus.) Let an assistarit rotate the coloured 
disc, and get a good white. Now introduce the black 
disc and rotate that with the forefinger. The brief flashes 
prevent a// the colours from now reaching the eye during 
one period of visual impression, and so again we virtually 
suppress more or less colour. Again, therefore, we get 
colour, its character and amount depending on the respectivi 
rates of rotation. 

Yet another experiment, on the spectrum itself. Arrange 
the prism p as before in front of the nozzle, but with the 
reflector r so arranged that the dispersed rays from the slit 
fall on that, and are thence reflected to the screen, a 
Fig. 57. The reflector must turn very easily in another 
vertical socket. Give a raj'i'd rocking motion through a 



A ROCKING SPECTRUM. 

small arc to the reflector, wliicli will, of course, move I 
spectrum backwards and forwards across the screen. Begin 
slowly, and you see that the motion in no way changes or 
modifies the colours. But when the motion becomes rapid, 
the spectrum becomes whiU over all the middle portion, 
colour being only visible towards the ends, where alt the 
colours cannot, of necessity, be made to fall. The reason is 
the same as with Newton's disc, and, of course, if we stop 
off any of the coloured rays which fall on the mirror, by 
taking them away we again get colour.' 




50. A Narrow Slit necessary for a Pure Spectrum. 

— We can see from these experiments that to get a pure spec- 
trum, or pure spectral colours, we must use a very narrow sliL 
For cut apertures in one of the black cards, as in B,C, PL 
II., the larger one being at least J of an inch square. It will ' 

' It is not every one who can, merely by hand, rock the mirror fast 
enough to get ivhite in thlc way. By attaching a short arm to the 
mirror, linked to a small crank on a multiplying wheel, a rapid vibrat- 
ing motion can eaailf be imparted mechanically. Such an apparatus is 
fat superior to Ihe mechanically.vib rated pHsm usually employed for 
SQch an experiment. 



be obvious thai the spectnira of this wide slit may be re- 
garded as compounded out of the spectra of the narrow slits . 
superposed ; and from these it will be seen how one colour 
overlaps another. If the slit is wide enough, a glance de- 
monstrates that towards the centre of its spectrum all the 
spectral colours, from some one or otlier of the narrow slits 
which may be regarded as its component parts, overlap one 
another; and so far as they do the middle portion must be 
white, colour only appearing at each end, where the spectra 
of other portions do not extend. It is necessary to under* 
stand this, because it also has been made a difficulty by 
the "practical artist" school, and was even brought as an 
objection by Goetlie against the theory of the spectrum ■, 
whereas a very little thought over Plate II., B, C, will 
show that no other result was possible. 

The experiment also deserves pondering at some lengAf 
because it is a cardinal one. It shows that we may very 
possibly have colour really produced ; but that if we use 
too large a body of light the visual effect may be masked, or 
hidden from us, by the superpositions of colours derived from 
various separate small portions wliich go to make up the 
whole. (Compare g 13.) 

51. The Rainbow. — We are now in a position to deal 
experimentally with the beautiful phenomenon of the rain- 
bow. We know this to be produced by the rays of the sun 
falling upon spherical drops of rain-wgtcr, and being thus 
refracte<l and reflected back to the eye ; and if we fill a 
glass bulb with fluid, and operate upon that to represent on 
a larger scale a single drop, we can trace what happens. 
This beautiful experiment was first performed with a sun- 
beam, by Antonio de Dominis, Archbishop of Spalatro, 
about 1600 A.D., though Descartes seems to have usurped 
the credit of his investigations, as he also attempted to do 
with the law of sines discovered by Snel!. We take a small 



glass bulL I J inch diameter, blown on a small tube, and fill 
it with water ; or we may use filtered salt and water, for the 
reason that it not only increases the dispersion (^ 52). but 
diminishes the angle of deviation. Tiie lantern must be 
turned toward: the j/ rlitoi niid placed further back ; the 
objective remcved, jnd i bkckened cardboard or other cap 
with an flpertun the si^t. tif [ le glass bulb, placed on the 




(sge iioizle ; round which, or on which, by a hole cut in 
lecentre, is placed a screen, s, of white jiaper oj- cardboard. 
Instead of a card cap, the revolving diaphragm with various 
holes may of course be used. Adjust the lime-light to 
throw a.faralltl beam on the bulb n, between which and 
the spectators placet the blackene.i caid screen (p. 17) to 
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intercept the direct light. The bulb will he held in the 
clamp, c, by the stem, and both bulb and fluid must 
brilliantly clear. We at once see a miniature "rainbow" 
reflected back upon the screen round the lantern nozzle, 
provided the bulb be not further from the nozzle than about 
the radius of the screen,' 

It hatdly need be said that this rainbow is the real rainbow 
reversed ; any spot on the screen where red appears, means 
that an eye there would see red in tlie glass bulb; and 
each other colour, unless the eye was moved, would need 
another bulb in the proper relative position : but the experi- 
ment does show correctly the emergence of a nearly parallel 
chromatic bundle of rays at one certain angle. 

That such must be the case at one certain angle {about 
40" for water) can be proved mathematically from the " law 
of sines," applied to the spherical bulb; and the demon- . 
stration of this is really due to Descartes, He showed that 
at one angle alone the rays, which at other angles of 
incidence emerged divergent and scattered, emerged as a 
nearly parallel beam, and thus produced conspicuous 
phenomena of some sort ; the production of colour by 
dispersion being afterwards explained by Newton's experi- 
ments with the prism. Fig, 59 shows in outline the course 
of the blue and red rays in both the inner and outer bow. 
The parallel rays, s s, from the sun falling on the drop b at 
the proper angle, are refracted twice and reflected once, so 
as to transmit red light to the eye ; and from the drop a 
(the angle a q b making about 2°), the blue rays being more 
refracted, also reach the eye ; a ^ is therefore the apparent 
breadth of the bow. Other solar rays, s' s', by hvo internal 
total reflections and two refractions, also transmit coloured 
rays, but of course fainter ; and these form the outer bow. An 

' This experiment will not succeed witti a plain gaa-bumer, a, strong 
parallel beam being Becessary. 



inspection of llie figure will show that the order of colours 
in the outer bow must be inverted. Theoretically several 
secondary bows are possible, and with a very bright sun 
three are occasionally seen ; but as a rule only the primary 
and the first outer and inner secondary are sufficiently 
brilliant to be visible. 



^^■l; Refraction and Dispersion not Proportional. 
^^^Ptftke a water prism as in Fig. 60, by cementing with marine 
I ^e two slips of glass 6 or 7 inches long and 2 inches wide 
into a V trough with angle of 60°, with two partitions as well 
as two ends. If any difficulty about these, wooden partitions 
will do, cemented with black sealing-wax varnish. Fill one 
division with water, the next with saturated salt and water, 
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the third with saturated sugar of lead in water. Place the 
horizontal slit in the optical objective, or on the flange 
nozzle, and focus on the screen ; then pass the three fluids 
in succession across the beam. Observe that the water 
refracts and disperses it somewhat ; the brine more ; the lead 
most of all. The natural and first conclusion would be 
that the two effects are always proportionate : that dispersion 
goes with refraction in due proportion. Newton so con- 
cluded, misled probably by the frequent use of lead in his 
water prisms, which masked the very low dispersive power 
of water. At all events, he made an experiment he thought 
decisive, immersing a glass prism in a water prism of variable 




Fig. 6o. 

angle, with their refracting angles opposite. When the 
angle of the water prism was so adjusted that there was no 
deviation or refraction, he found no colour ; and hence con- 
cluded that the dispersion of the glass and water were 
proportionate to their refractive powers. It is difficult to 
account for his result in any other way than that supposed ; 
for when DoUond repeated this very experiment with glass 
and water, the result was exactly the opposite : viz. when 
the refraction was exactly counteracted, colour or dispersion 
remained ; and when colour was nearly banished a consider- 
able deviation remained — a discovery that led at once to the 
construction of achromatic lenses. 



IV.] 



ACHROMATIC LENSES. 



83 



In fact, different media vary widely in the proportion of 
their dispersive and refractive powers. For its refracting o 
bending power, the dispersive (or spcctrum-lengtiiening} 
power of bi-sulphide of carbon is enormous ; and if a prism 
bottle be filled with a solution of the double iodide of 
mercury and potassium, as described by Dr. Lieving, pre- 
pared of the utmost density, while the blue end of the 
q>ectnim will be absorbed by the pale yellow solution, the 
green and red are dispersed nearly twice as much as by the 
bi-sulphide. Flint glass, again, refracts light little more than 
crown glass, but disperses it nearly twice as much for the 
same angle. 

53. Achromatic Lenses. — Sere, then, we have the | 
power of correcting or destroying chromatic aberration. Deal- 
ing with prisms as the simplest case of the problem to be 
solved, a flint glass prism of little more than half the angle 
(in fact, the proportion depends entirely on the density of 
the flint) will counteract nearly all the dispersion of crown, 
but leave a considerable amount of refraction. Such a 
double prism can be bought for $s. Focus a sht on the 
screen as before, and on a small table-stand place on end 
the crown glass prism. We get as usual refraction, and 

a spectrum ; in this case rather a poor one, owing to the 
little dispersion of the crown glass. Now place next it, in 
contact, ihe flint prism, with its angle the reverse way: we 
still have the beam bent aside, but the cc/our is practically 
gone, and it is a white image of the slit, and not a spectrum, 
which appears on the screen. It is not necessary to explain 
in detail how this fact enables us to construct achromatic 
lenses. 

54. Direct Vision Prisms.— Conversely, a prism of flint 
glass of about $2" (for average density), will counteract the 
whole refraction of a crown glass prism of fio", but will so 
much men than counteract its dispersion, that there will be 
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ft ncoiisiderable reversed spectrum. Hence we have the 
power of constructing "direct" prisms which give a spec- 
trum without refracting the beam of light. Direct vision 
prisms composed of from three to five prisms of glass, are 
largely used in direct vision spectroscopes. For lantern 
work such prisms are very expensive, a large size being 
required j but Mr. C. D. Ahrens has introduced a prism as 
in Fig. 6t, which answers our purposes at a very moderate 
■ price. G G are prisms of light glass, enclosing between thera 
bi-sulphi<3e of carbon, a. One made forme gives a dispersion 
more than equal to a prism-bottle of 60° without any 
deflection at all, and is not only very handy to work with, as 
obviating any turning of the lantern aside, but more light 



passes through, and the spectrum is not at all curved.' 
Just as these pages were written, Mr. Ahrens brought me for 
trial another bi-sulphide prism made as in Fig. 6z. Here g 
is one equilateral prism of glass, projecting into the cell of 
fluid B B. There being only one ordinary glass prism here, 
this is the cheapest large compound prism that can be made. 
It gives enormous dispersion — about 60 per cent, more than 
that of a prism-bottle — with very little, if any, niore than 

' Wilh a single priam there is a perceptible ctirvature in the trans- 
verse lines or edges of a spectrum projected on a screen, owing to the 
convergence, and consequent various angles, of the rays traversing it. 
To get rid of this curvature in spectroscopes is the object of the oolll- 
mating lens. This brings to parallelLim the diveiging rays from the slit 
«djusted at its focu!", which then traverse the priFm at the same angle. 
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ordinary deflection, and it may probably be supplied un- 
mounted for about 401. Much more light traverses this 
prism than can gel through the two prism-bottles generally 
used when great dispersion is required. 

55. Anomalous Dispersion. — We have not even yet 
got to the bottom of this matter, however. We may obviously 
construct prisms of different substances, such as water or 
crown glass, and flint glass, of such angles that their respective 
spectra shall be of equal length. But if we do so we find the 
two spectra do not agree. There is more dispersion in one 
region than in another, as produced by one substance com- 
pared with the other; and hence perfect achromatism is 
impossible with only two prisms or two lenses. 

But stranger phenomena still await us. There is a 
purplish-red aniline dye called Fuchsine. Obtain a little 
of it, and fill a prism-bottle with a dilute solution of the 
Fuchsine in alcohol. A bottle of the ordinary 60° angle can 
be made to answer, but if one of 25° or 30° can be pro- 
cured it is rather b^^tter. There must also be provided a 
glass trough with parallel sides sufliciently wide apart to 
contain the prism-bottle ; and this also, after the botde is 
inserted, must be filled with the same alcohol that dissolves 
the Fuchsine. It will easily be understood that when the 
prism-bottle is immersed, both the refractive and dispersive 
powers of the alcohol in the bottle are exactly neutralized 
by that in the trough. This peculiar adjustment is necessary 
to obtain the, Fuchsine action separately ; for if we use the 
bottle of Fuchsine alone, supposing we fill it with a strong 
solution, the absorption is so strong that only the red rays 
get through (see § 69), while, if we dilute it, as we must do 
to get more of the spectral colours, any abnormal dispersion 
of the Fuchsine is overpowered by the ordinary dispersion of 
^1^ xlcohol. By exactly neutralizing the latter, then, we can 
loy a dilute solution, and still trace the effect by the 



[CHAK 

limelight.' Success will now depend upon attaining by 
trial a proper strength, and passing the rays from the slit 
through the Fuchsine as close as possible to the refracting 
angle, or thinnest portion of coloured fluid. But when these 
matters are properly adjusted, it will be seen that the order 
of the spectrum is totally altered, we may almost say reversed. 
Counting from the red end, instead of beginning with red, 
the Fuchsine spectrum begins with blue ; goes on to violet ; 
then (after the absorption of some colours altogether, a 
matter we must study later on) comes red in the middle, 
ending with yellow ; green being absent. How many of the 
colours can be discerned depends on the strength and 
thickness of solution. 

Many other substances give similar phenomena, one of 
the best being cyan blue. Though starding, however, these 
appearances are not really more wonderful, when we atten- 
tively ponder them, than that dispersive power should, 
compared with refractive power, differ at all in various 
substances. Our experiment with the Fuchsine simply 
shows us in a more exaggerated and startling form, the very 
same fact — ^whatever it is— which makes the dispersion of 
flint differ from that of crown glass. All alike reveal the 
" anomalous dispersion " of light. We can no longer 
maintain that the colours have even an invariable order of 
refrangibility. This is generally the case ; but we have now 
found that sometimes they have not 

And at this stage we must pause a moment ti> collect our 



^ For private observation only, two small slips of glass Huty be in- 
clined at an a,ngte of say ic'' by a strip of wood placed between Ihem 
at one edge, and a drop of strong Fnchsine solution placed between 
ihem. Through Ihis prism a bnlli;intly -lighted slit may be observed 
from a gojd distance ; and through sach a small thickness even a solu- 
tion strong enough to overpower the dispersioQ of ihe alcohol will 
allow sufficient of the colour.^ lo pais. 



ideas. We accounted for reflection by a tough working 
hypothesis, which for years was more or less accepted, and 
was known as the Emission or Corpuscular Theory of Light. 
But even then we found some difficulties in it. These are 
now vastly increased in many ways ; and we find ourselves 
once more, by the mental constitution bestowed upon us, 
bound to ask the question ; What is Light ? We must 
Irame some intelligible hypothesis by which we may string 
together at ieast the foregoing facts, and which, if possible, 
may also account for such phenomena as we may yet 
further discover. This, then, will be the subject of the 
following chapter. 



CHAPTER V. 

WHAT IS LIGHT? — VELOCITY OF LIGHT. — TH£ UNDULATORY 

THEORY. 

Light has a Velocity — Velocity implies Motion of some sort — ^The 
Emission Theory — Transmission or Motion of a State of Things — 
Transmission of Wave Motion — Illustrations — Wave-motion and 
Vision — Analysis of Wave Propagation — The Ether — Refraction 
according to the Wave Theory — Total Reflection, Dispersion, and 
Anomalous Dispersion — Mechanical Illustrations. 

56. Light has a Velocity. — If a man strikes a bright 
light say ten miles off, we see it so instantaneously that it is 
very difficult at first not to believe that we are indeed, in some 
mysterious way, conscious of it the very instant it happens — 
that time has nothing to do with the matter. And that was 
probably the most ancient idea of the manner in which we 
'* see " things. 

But this idea was necessarily abandoned for ever after a 
discovery made by Roemer in 1676. He found that, taking 
the calculated time for the eclipses of Jupiter's satellites, 
they always took place eight minutes earlier when the earth 
was nearest to them, and eight minutes later when it was 
furthest away ; whilst if the earth was at either of the mid- 
points, they happened at the average time. He very soon 
drew the unavoidable conclusion, that light required about 
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:er of an hour to cross the earth's orbit. This was 
soon after confirmed by Bradley, who calculated the very 
same velocity independently, as nearly as could be, from the 
apparent "aberration " of the fixed stars. 

At a later period the velocity was actually measured 
instru men tally, first by Fizeau and Foucault; later by 
Comu ; latest of all by Professors Young and Forbes in 
Scotland, Tbe methods have been chiefly two. In Fizcau's 
method, a ray of light is sent between the teeth of a toothed 
wheel to a distance of a few miles ; and thence reflected 
back in the same path. If the wheel is rotated swiftly, it is 
plain that while the ray has been journeying and returning 




with a sufficient velocity, a tooth instead of a space will 
occupy its return path, and produce eclipse of the reflected 



'elocity is in- 

pse is produced. After 

icreased, the light will 

i ; and the velocities 



ray. This effect must be gradua 

creased, as in Fig. 63, till total ec 

this, if the velocity is further 

gradually reappear, to be again eclip 

of tlie wheels being known, the various echpses will mutually 

check each other. Professors Young and Forbes introduced 

still more delicate checks, by transmitting the same ray to 

two different distances at the same time, by which they were 

able to detect the extraordinary fact that in air the velocity 
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of red light appeared; considerably less — perhaps one per 
cent. less — than that of blue.' 

In Foucault's method, a ray of light, after passing cross- 
wii'es to serve as an image-point, proceeds any convenient 
distance to a mirror very swiftly rotated. It is thence 
reflected to a concave spherical mirror whose centre of 
curvature is the axis of rotation of the revolving minor at 
the point struck by the ray. The ray is therefore reflected 
back in its own path to the rotating mirror ; and if this is at 
rest or rotated slowly, it is again reflected in its original path 
of incidence, centrally upon the cross-wires. But when the 
velocity is sufficient, the mirror has rotated through a small 
angle while the ray has travelled to the concave mirror and 
back ; and the return ray is therefore deflected to one side of 
the cross-wires, through an angle double that of the rotation 
of the mirror (§ 21), This apparatus is so sensitive as to 
be applicable to distances of only a few feet ; and hence, by 
interposing a tube filled with water between the two mirrors, 
Foucault was able to prove absolutely that the velocity of 
light was considerably less in water than in air. 

All these methods give the very same velocity for light 

' This result is sa startling ihit it must at present be received and 
reasoned about with much caution. According to the theory of refrac- 
tion, the blue rays should be, aod are, most retarded in air, though not 
to nearly so great an extent as I per cent. When the conclusion to 
which Dr. Young and Professor Forbes had come was first stated (*t 
ameetingof the London Physical Society, on June4, l83l). Dr. Spottis- 
woode, Pres. R.S,, Lord Rayleigh, and others, pointed out the difficul- 
ties it presented !□ accouoting for the freedom from colour of Jupiter's 
satellites when emerging from the planet. Professor Forbes suggested 
that it toight be accounted for by the gradual emergence : but it was 
pointed out that at least variable stars ought to appear coloured during 
rapid increase of their light. At present the conclusion is so 
in its consequences as to need the most rigorous verilication ; a 
can only be accounted for on the supposition that the atmospher 
remarkable case of " anomalous dispersion " (J 5 5). 
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a quite a small percentage, much less than might have 
been expected in measuring such enormous velocities. The 
most recent determination of the velocity by Professors 
Young and Forbes is 187,200 miles per second, 

57- Light must be Motion. — The velocity of light 
once proved, involves another point. Observe the absolute 
necessity of the case. At the moment one of Jupiter's 
satellites emerges from behind the planet, it sends out, 
somehow, a ray of light — whatever that may be. At a given 
moment that ray from the planet p has reached the nearest 
point A of the earth's orbit. A quarter of an hour later it 
has reached the furthest point b. In the interval, someiking 



r 
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or Other has passed from a to b. That passage of something 
Irom one point to another is obviously motion ; and the 
conclusion that Light is Motion of some sort is an absolute 
intellectual necessity: there is no possible escape from it. 
It only remains to discover what the motion consists of, or 
what it is that is moved, 

53. The Theory of Emission.— The emission of very 
fine particles from the luminous body was the next and most 
natural idea, and it may be made to account for reflection, 
as we have seen ; but it is encompassed even at that point 
with considerable difficulties. One of these we have con- 
sidered aheady (§27); but it may be supposed the luminous 
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particles, to be seen, must actually enter ihe eye, and 
impinge upon the sensitive retina. But we have another 
and a greater difficulty, in the enormous momentum even the 
smallest particles must have, travelling at such enormous 
velocities as have been proved in the case of light. The 
weight of one grain would be equal in momentum to a large 
cannon ball as shot from the muzzle of a gun. Further 
still, what must be the expulsive force to produce such a 
velocity? And lastly, it is impossible to conceive of this 
expulsive force, and the velocity imparted, being the same 
for the largest and the smallest of all sorts of bodies, as is 
found to be the case. The feeblest candle-Same emits light 
at the same velocity as the enormous sun. 

These difficulties might be partially evaded by supposing 
that the particles are so infinitely small, or otherwise so 
utterly different from common matter, as to have no relations 
of attraction with itj and, indeed, otherwise the propulsive 
or luminous body would, by its own attraction, gradually 
destroy the velocity, just as the earth gradually draws back 
a stone thrown up from it.. But when Newton, who pro- 
visionally adopted this as a working hypothesis, though often 
leaning towards another, next to be considered, sought to 
account on such a basis for some rays being refracted while 
others were reflected, the only way he could do so was to 
suppose that some particles reached the reflecting surface in 
a repulsive "fit," others being attracted. He was confirmed 
in this by the " law of sines." Versed in the mathematical 
laws of forces, so that, at times he almost thought in mathe- 
matical terms, his keen eye saw at once that this peculiar 
law was a law ofvelocily ; and he suggested, therefore, that 
the refracted ray was dragged down or attracted by the glass 
or water, and had its velocity augmented in the proportion 
of the "index of refraction." It is odd (but rather genera! 
in algebra) that this proportion, equally with the reverse, 



STATES CAN BE TRANSMITTED. 

accurately works out most optical problems. But it would 
follow that the particles are attracted by matter ; and how, 
then, they can be projected with a velocity that never 
diminishes over stellar distances, is simply inconceivable. 
Finally, we have seen how it has been proved rigidly, that 
the velocity of light is less in the water than in the air. In 
absolutely proving this fact, Foucault and Fizeau absolutely 
overthrew the Emission Theory, and 'that idea of the 
"motion" of light. We have therefore to explain in some 
better way why light is refracted ; why at certain angles it 
cannot get out into a rarer medium, but is t6tally reflected ; 
(§31) and finally to account in some intelligible manner for 
the strange phenomena — totally unknown to Newton — of 
anomalous dispersion (§ 55). 

59. A State of Things may be Transmitted. — Let 
us consider now another idea. ' In Railway and Post Oflice 
we have a very familiar example of actual Things being sent 
from one place to another, or from a sender to a receiver, at 
a given measurable speed. That may answer in many 
respects to the old Emission Theory of Light ; and it is to 
be remembered that even in this case we must have some 
road or channel along which the sent Thing may pass, if it 
is not to be projected like a cannon ball. But let us think 
for a moment about a telegraph message. To quote Mr. 
Lockyer, here also "two instniments may be seen, one the 
receiving instrument, the other the sender. Between the 
oflice in which we may be, and the office with which 
communication is being made, there is a wire. We know 
that a Thing is not sent bodily along that wire, as the goods 
train carries the parcel. We have there, in fact, a condition 
of motion with which science at present is not absolutely 

' For the whole idea of this paragraph, the simplest and must 
eHective I have met with for illuiitrating what follows, I ought to 
acknowledge my indebtedness tq Mr. J. Norman Lockyer, F.R.S. 
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familiar ; but we picture what happens by supposing that we 
have a sta/e of things which travels. The wire must be there 
to carry the message j and yet the wire does not cany the 
message in the same way as a train carries the parcel 
It is further remarkable that the wire carries the st(Ue ej 
things along, very much quicker than the train can move — 
in fact with a velocity commensurate with that of Ught 
itself." 

60. Wave-motion and its Transmission .^Let us 
now examine experimentally another kind of actual motion. 
Make a large groove in a piece of board, or a light trough 
like Fig. 65, about a yard long, in which bagatelle balls may 
roll. First roll one slowly along: we can measure the 
considerable time it takes to go from one end 
to the other. Now place in the trough a double 
set of 18 balls in contact; and drawing back 
one for some inches, roll it up to the rest at 
the same slow speed as before. Observe the 
dilference. Instantly, to all appearance, the 
furthest ball now starts off as the firet one 
strikes the row. It is not really so, for the time can be 
measured by proper appliances ; but the eye cannot discern 
any interval. 

Now this is wave-motion i of one sort. The first ball struck 
is compressed, and then expands, so passing on the com. 
pression ; and thus to the last.- Each ball executes or has 
impressed on it small movements exactly like that of its 
preceding neighbour, but a very little later in time. That is 
the entire essence of wave-motion ; which may be of many 
forms, but with this property common to them all. 

In the lantern we may illustrate this as in Fig. 66. Between 
two glass plates the size of the ordinary lantern slides, are 
cemented pieces of wood shaped to gentle curves as in the 
figure, of a thickness to just allow small balls of glass or 
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ivory (the smallest promrible) to roll easilj in the ch^Imels 
lor them In one, let a row of these balls rest leaMtig th? 
other clear From the top of each slope let roll one of the 
balls The one mil be seen travellitiE; across the screen 
the motion m the other case will appear to be transferred 
tnstantaneoush to the last bail m the series 

In a pond of still water, or m the middle of a circular 

sponge bath filled with water, drop some small body and 

study the beautiful phenomena The spot into which the 

object fell is surrounded by a circular ua't of water, which 

^^tejsels quickly outward'; This appatent motion is again 

very much quicker than any actual motion we could impart J 
to the mass of water itself It looks too, as if the nater 
were really proceeding outwards — being poured out t 
were— from the central point But if we drop one or two 
bits of paper on the water, we find it is not so the paper 
only moves up and down, with a verj slight honzontil 
motion indeed, which also is not continuously outwards, 
but to and fro In reahty the paper at anv point moves in 
an elliptic orbit , but each partitle moves in a similar orbit 
to its predecessor, a little later in time. Any one particle 
does not travel outwards, but sets in similar motion the next | 
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particle, and thus fhe state of things we call the wave is 
propagated. 

It can be seen immediately that if the motion of light be 
anything of this kind, we have got rid at once of our 
greatest difficulty, that of the enormous velocity ; for wave- 
motion is always much quicker than actual translatory 
motion. Across a deep open sea like the Indian Ocean, 
the great tidal wave moves at the rate of i,ooo miles per 
hour, though the water itself could move at nothing like it 
In fact, if we can only find the idea otherwise fits the 
phenomena, we have got rid of nearly all our difficulties at 
a step. We therefore must trace the matter further. 

If the balls just now referred to were tied together by 
elastic threads, we should have a return wave from the last 
ball, since it would be sharply pulled back in its eflfort to 
escape. We have all seen this in an engine run up against 
a train, when each carriage or truck vibrates several times 
to and fro, giving us a picture of such waves in any elastic 
medium, such as sound-waves in air. These give us still 
another form of wave. In this case every particle of air 
moves to and fro in the direction of the wave, but otherwise 
keeps its own place, and still the wave only, and not any 
particle of air bodily, moves onward. This fundamental 
property which characterises all true wave-motion is difficult 
to picture clearly in the mind : but it is so important to do 
so, that we again have recourse to our lantern, which will 
place it before our very eyes. Get a circular glass plate, 
13 or 14 inches diameter, mounted on an axle which can be 
turned. Exactly in the centre of the axle-hole describe a 
circle \ inch diameter, and divide it into 12 portions, as in 
Fig. 67. (It is near enough to divide off into six by the 
radius, and bisect each division by the eye.) Arrange all 
firmly on a table, and having blackened the disc all over, 
take a foot-^nile divided into eighths as a standard, and with 1 
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a 3-inch radius strike or scratch a ciicle from say the top 

division. Extend the compasses exactly |th inch and strike 

another /^owi Ihenext division; then another^ih 

inch, and so from the next division in the same 

direction, and so on, till we have gone twice 

round the divisions and struck 24 circles, giving 

tJs a band of scratches 3 inches across, with a p,,;, t^. 

little margin outside. (See Fig. 68.) Remove the 

objective and place on the fiange-nozzle of the lantern, a cap 

with a fine horizontal slit a b, 3 inches long, or a glass cap 




-I front 



^^PRi a tine scratched in black ; and arrange the disi 

' of this, so that the band of circles crosses the slit as in 

Fig. 68. In front of all adjust the loose focusing lens, and 

r focus on the screen. On now revolving the disc we see a 

" of alternate compression and expansion beautifully 

' It is known as Crava'5 wave-motion disc. 

H 
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delineated in actual motion : and by keejiing the eye 
any one bright dot, the precise nature of the motion wilt 
be understood better than by all the description ' in the 

For reasons future experiments will make clear, tlie 
vibrations which constitute light are, however, to be con- 
sidered as like those of water-waves, i.e. across the path of 
the wave, not in it, A disc with a wave-line round it like 
Fig. 69, will give a moving image of this if revolved across 
a blackened glass cap scratched with perpendicular lines 




all over; but a better way is to make a "slide" as in 
Fig. 70, consisting of a fixed blackened glass a, in front 
of which are open grooves b b, the whole length, for a 
panoramic glass, 18 inches long, to slide freely. The slide 
is kept together by a slab of wood c, in which is an aperture 
the size of the field. On the fixed glass scratch fine per- 
pendicular lines -jB of an inch apart. On the long glass, 

' The private student may draw the lines pretty thickly in black 
white cart, and revolve the card under a ilil cut in another 




^7^^^^ A WAVE SLIDE. ^TT 

also blackened, a single wave-line may be scratched ; but 
in order to show the interferences of waves at a later stage, 
it is belter for the sliding-glass lo be in three widths, kept 
edge to edge by a thin brass binding at each end, and with 
four sets of waves as in Fig. 71, one pair twice as long as 
the other. The centre strip has a wave of each length, and 
by drawing it along through the binding the length of the 
short wave, as drawn below, it can be shown how the same 
given retardation brings the short wave a whole vibration, and 
the long one half a vibration behind their fellow waves. It 
will be evident thai when the whole arrangement is placed 
in the ordinary lantern-slide stage and focused, and the 

Th. JT.-Mov.a.lf iia.l i)f Wave Slidr, 

sliding part moved along, we shall have tnoving waves of 
white spots.' Now it is to be again carefully noticed that 
110 spot advatices al all. Every spot simply moves up and 
dau-n, while the wai'e-form only advances across the screen, 
being due, as before, to the fact that each spot, representing 
an atom of ether, moves a tittle later than its predecessor 
in a similar path- 
Thus we see that, by this kind of mechanism (actually 

^ Tliii slide was the result of much consideration ; and after trying 
both, I consider il much superior in effect lo tbe disc usually employed, 
besides being much more easily made and adjusted. 

H 2 



loo LIGHT... [chap. 

proved to exist in the case of the ivory balls, sound, and 
countless other motions), motion imparted at one end of the 
line of transmission \s yielded up with enormous rapidity at the 
other, not only without any inconceivable motion between, 
but whilst things generally between, as in the case of our 
ivory balls, may almost seem to be in a state of re§t. 

6i. Wave Motion and Vision. — It is not difficult to 
conceive how such wave-motion as that shown by our slide 
may affect the eye. We can easily imagine how longitudinal 
pulses of air beat on the drum of the ear d, as in Fig. 72 ; 
and if we imagine the retina to be furnished, as at r, with 
perpendicular rods standing up like a cat's whiskers, we can 
readily conceive how the transverse motion of the last 

} 

\ 
i 

Fig. 73. -Sound Waves and Light Wavca. 

particles in the wave should excite these. Those who are 
so happy as to possess whiskers, can easily prove by ex- 
periment that a brush across them yields more sensation 
than perpendicular pressure. Now it is remarkable that 
late microscopical researches do show the retina to be 
studded with fine rods ; and though the matter is yet under 
investigation, it appears probable that this is the true method 
of vision, or at least, that by which the optical image on the 
retina is transformed to consciousness in the brain, upon 
which our "seeing" Light as Light obviously depends. 
Several future experiments will lend much strength to this 
view : and another weighty confirmation of it is found in 
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the well-known fact that pressure on the eyeball produces 
the sensation of light. 

62. Analysis of Wave Propagation We have not 

solved all the problem, however. If light consisted of particles 



I 




emitted, or if even wave-motion were only propagated 1 
radial lines from each centre (and this is how some people 
quite erroneously understand the UnduUitory Theory) it will 
be obvious that as the distance becomes greater, the radii 
must separate as in Fig. 73, and we should have spaces 
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between with no wave-motion. Yet we see an unbroken J 
circle of waves in our pond ; how is this ? Figs. 74 and 75 
supply the answer. In Fig. 74 let us consider a wave 
direction, a b, from the luminous centre a, and suppose it 
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arrived at the particle b. The next particle to receive the 
motion in the sa?ne line will be c. But c only receives it 
because it is the next particle ; and obviously the particles 
D and E are just as near, and in the very same kind of 
contact ; they ought also to receive the motion. They do, 
and the consequence is that ^ every vibrating atom over the 
whole sphere surrounding the wave-centre becomes a new 
centre for another sphere f g. Thus in Fig. 75, let us con- 
sider the waves from the centre l to have reached the circle 
M N. Every point in this circle sends out fresh circles of 
waves, shown on the curve o p. But analysis shows that 




Fig. 75. 

these destroy each other by mutual interference (see Chap. 

IX.) except in the grand circle o p, where they reinforce 

each other ; and thus the curve o p remains as in a pond, 

the grand front of ^ main wave. If, however, we interpose 

a screen, at 00' p p', which stops this main wave, then the 

subsidiary waves which go to make it up are only partially 

destroyed by interference, and appear at r s, as in the 

diffraction fringes hereafter to be seen (§ 106.) Most of 

the difficulties found in comprehending the wave-theory are 

entirely owing to not understanding this ** construction " of 

the waves ; and it is hardly too much to say that while, on 

ihfe one hand, apy apparent objection that can be brought 
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against the Undulatory Theory applies with equal or more 
force to any other theory ; on tlie other hand, any rays, when 
isolated and studied by themselves in detail, behave exactly 
as the theory would lead us to expect The correct analysis 
of these details of wave-propagation is originally due to 
H»,.gl,».. 

63. The Ether.- — If, however, waves are sent from distant 
stars to our eyes, and elsewhere, there must, as in all the 
preceding cases, be some medium through which they are 
propagated. We know hj' experiment on other wave- 
propagations, such as those of sound, the general properties 
such a medium must have ; since it is known that the 
velocity of sound is directly proportional to the square root 
of the elasticity of a medium, and inversely as the square 
root of its density. This has been proved by rigid ex- 
periments in many gases ; so that, for instance, the velocity 
in hydrogen, a rare gas, is much greater than in air. The 
enormous velocity of light-waves, therefore, is only possible 
in a medium which is almost infinitely elastic, and at the 
same time almost infinitely rare, and yet which has a 
definile proportion between these two functions. It cannot 
he attenuated air, but must he something far more rare; 
since we can keep air out of a glass vessel, while light 
passes through glass and many bodies, and through the 
best vacuum we can form; moreover we know that air 
absorbs or stops light considerably, and hence light could 
never reach us, through the rarest atmosphere, from the 
cnomnoiis distances of the stars. Still further, attenuated 
air could not give us those dtfiniie velocities with which we 
have to deal, but must give a widely different one from that 
in denser air ; nor, finally, is the proportion of its elasticity 
to its density anything like great enough We have there- 
fore to conceive of some slill more rare and subtle medium 
which fills all space, and which is called the Ether. We 
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ihall hereafter see that we are obliged to attribute to it 
)ther physical properties quite different from those of an 
itmosphere.^ 

But though this ether easily permeates all we call matter, 
t is perfectly easy to conceive of its particles, and those of 
natter, hindering and otherwise acting on each other, or 
:ommunicating motion to each other. Wind passes freely 
;hrough a hedge of trees ; but still the trees hinder or 
* slow " it, while yet again the wind moves the trees ; and 
:onversely, if we could shake the trees, we should cause a 
vind. Such, in brief, is the conception or hypothesis ot 
:he ether as held by physicists. 




Fig. 76.— Refraction. 



64. Explanation of Refraction. — Refraction now 
is easily explained. Any beam of light has a wave-front 
across it, and it is obvious that in meeting any refracting sur- 
face obliquely, one part of this wave-front will meet it before 
another. Conceive, then, that while the ether permeates 
the open structure of all matter, it is still hindered in its 
motions by it, as the wind is hindered, but not stopped, by 
the trees. Then trace a ray a b (Fig. 76) to the refracting 

^ Some attempts have lately been made to dispute the existence of an 
ether (see Phil, Mag. April, 1879, and July, 1881). It appears to 
me that the objectors have not borne in mind the essential physical 
necessities of the case. 
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siirface c d, marking off the assumed length of its waves 
by the transverse lines. The front will be retarded at k 
before it is retarded at f, and we may assume the retarda- 
tion is such that the wave in the denser medium is only 
propagated to c, while in the rarer medium it reaches h. 
It is plain the beam must swing round ; but when the side 
F also reaches tlie denser medium, the whole will be retarded 
alike and the beam will proceed as before, only slower and 
in a different direction. The theory e.iactly fits all the 
phenomena ; and when we come to polarisation it will be 
easily seen why the beam is divided, and part reflected 
while part is refracted (§ 119.) 

We may illustrate this comparative retardation in a com- 
paratively denser medium by a very simple but beautiful 
experiment. Take a large thin glass, or any other kind of 
sonorous "bell" upon a foot {Fig. 77), and drawing a 
violin-bow across the edge, we easily produce a musical 
sound. By adjusting a small wire point to barely touch it, 
as on the left hand, or hanging a small pith-ball barely 
against it, as on the right, we easily prove that the sound is 
due lo rapid vibrations or motions, which at a certain speed 
produce a given note. Fill the glass with water, within say 
an inch of the top, and it gives a much graver note, showing, 
as we know, much slower vibrations. It might be supposed 
ihal this is merely due to the added weight of the water in 
the glass, as we lower a tuning-fork by loading it, the water 
vibrating with the glass as one whole. Kut it is not so ; 
for if we empty ihe glass, and immerse it in some fiat- 
bottomed vessel which, when filled to the brim, brings the 
water outside the glass precisely to the same level as before, 
Still leaving the glass an inch above, so that it can be 
excited by the bow, we get the very same lowered note. 
Finally, if we now fill the glass as well, the note is still 
further lowered ; showing us that the motion is simply more 






[CIUP, 

; tienser medium, though the glass can still 



retarded in i 
mowe freely 

65. Total Reflection Explained. — Total reflectioo 
can be explained by mathematical analysis, and is so ex- 
jjlained by Airy, while it is impossible to explain it by any 




other theory that has ever yet been framed Airy shows 
that, beyond a certain angle, no main wave can emerge, 
while the small secondary waves perish immediately by 
inlerierence (Chap. IX.). 
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Dispersion Explained. — The different refratigi- 
bility of different colours is easily accounted for. AccorditJg 
to botii Emission and Undulatory theories tiie measurements 
agree, and tliose wlio believed the Emission theory, equally had 
to consider the red particles as larger or stronger than violet 
ones, as we have to consider violet waves only half the length 
of red ones. But as all colours of light seem to move with 
equal velocity in ether, violet waves must make two vibrations 
for each one of red. If, then, the vibrations are retarded 
at all in a refracting medium, on the face of things those 
which occur twice as often will as a rule be hindered most : 
they have more of the hindered work to do, and, therefore, 
must be more refracted, provided there be nothing so 
peculiar in the arrangements of the molecules which retard 
them, as to affect them otherwise. 

67. Anomalous Dispersion Explained. — But there 
may be relations in the retarding molecules of matter which 
do affect the ether-motions peculiarly, and so cause " anoma- 
lous " dispersion. We cannot suppose that the lengths of the 
waves for each colour preserve under all circumstances a 
imiform proportion ; for we have not only seen they do not, 
but our very theory of refraction itself, is based on the 
supposition that the wave-lengths are shortened by retarda- 
tion in a refracting medium. This is assumed to occur, 
as we know, because any given particle of ether is more or 
less hindered by particles of matter from communicating its 
motion to thenext particles. The only supposition possible 
is, therefore, that the ««OTifr of vibrations per second, or their 
time period-, is the determining constituent of colour, as it 
is of musical notes. Now we shall find strong presumptive 
proofs hereafter {§ 79) that the molecules of different 
bodies, like small pendulums of given lengths, have in 
fact their fixed and proper time-periods of vibration. 
And we can thus very easily conceive how certain relations 
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of these respective periods to each other, or of the lengths 
of the waves, to the distances between the molecules, should 
cause molecules of matter to hinder or assist in very various 
degrees, the differing penods of vibration in the ether-waves. 
Cauchy has even shown mathematically, that dispersion at 
all, or the fact of different colours being differently re- 
fracted, can only be explained if the distance from molecule 
to molecule be fairly comparable with the length of the 
waves, (See § iii.) 

68. Mechanical Illustrations. — We may illustrate 
practically many of these points by admirable experimental 
means, due to the ingenuity of Mr. Tylor.^ Though not 
strictly "lantern" experiments, they are easily seen by a 





Fig. 78. 

whole class, and vividly illustiate the subject. We are 
dealing with motions^ supposed to be in free ether equal at 
any two points of a wave-front exactly transverse to the 
direction of the ray. It is obvious this is a purely me- 
chanical problem, and that we may mechanically represent 
it with fair accuracy by two equal wheels revolving freely 
on two ends of an axle, and left to roll down a slightly 
inclined board. Let Fig. 78 represent such a pair ot 
wheels, the axle being made of \ inch iron, turned down at 
the ends to about \ inch, on which revolve freely but accu- 
rately boxwood wheels about 2 inches diameter, with rounded 
rims. These dimensions were found best by Mr. Tylor. 

' See Nature t Jan. i, 1874. 
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It is obvious that when rolled along a smooih board such 
an axle will preserve one direciion. But referring now to 
Fig- 79i let there be glued on the board a rectangular and 
a triangular piece of the thick pile pluih called " imitation 
sealskin." If this is presented to the wheel-track the right 




way ol the pile, it will retard the motion considerably, and 
when the track a b is oblique, the wheel that first meets the 

(h being first hindered, the track will swing round to the 
ction B c, and on leaving the plush resume the track 
C D, exactly picturing the course of a ray of light through a 
thick piece of glass. The triangular piece in the same way 
represents a prism, the track e f being refracted to f c, and 
thence to c h. Nay, even dispersion may be tlius pictured 
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by having a second pair of wheels, s (Fig. 80), of smaller 
diameter, to represent smaller waves — say ij inches to i|- 
inches. These wheels will be found perceptibly more de- 
flected from s F to the track f k. The wheels may either 
roll freely down a slight incline, or may be held back by a 
thread at the centre of the axle. Finally, total reflection 
may be illustrated as in Fig. 81, for it will be found that 




Fig. 81. 

if the track a b leaves the edge e f of the velvet at a certain 
angle, the wheel c, which first emerges, gains so much on 
the one still upon the velvet, that the axle swings right 
round and proceeds on the track b d. 

These experimental illustrations will sufficiently enable us 
to grasp vividly all the main points of the wave theory. 
We shall now resume the experimental study of colour. 
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iVe have now cleared the way for another class of ex- . 
periments, for which, to work with comfort, we must some- 
what alter our arrangements by removing the objective, and 
placing on the flange-nozzle of the lantern a black card or 
other cap with a perpendicular slit cut in it rather longer than 
we have hitherto worked with — say ^ inch to -^^ inch wide 
by 15 inches long.' A long slit, owing to the convergence 
of rays by the lens, gives a perceptible curvature across the 
speclnim band ; but this need not matter to us. Arrange 
the loose focusing lens k (the longest-focus one if there 
are two) so as to focus the slit on the screen if the beam 
were direct (the lantern must, of course, be deflected, as 
for all prism work), and adjust the prism P otherwise as 
before. The whole arrangement is shown in Fig. 82, and 
its object is simply to produce on the screen the spectrum 

' A brass cap wilh adjuslable slit is, ol course, much more convenient. 



ot a slit upon which we can more readily make varioiis 
experiments. 

69. Absorption of Colours — Providing now some 
coloured glasses, or some strips of coloured gelatine between 
glass plates, we make some experiments which teach us a 
very important lesson. We are apt to think that the sunlight 
which comes through a red glass window is all turned ink 
red — made red. Well, there is the spectrum or our com- 
plete or white light on the screen, drawn out into its con- 
stituent colours. Over half the slit hold a bit of the red 




glass; if the light, or most of it, is reaUy " reddeued," all 
the spectrum ought to be turned into red. It is no such \ 
thing, however. There is no colour in the spectrum of the j 
glass where that colour does not exist in the ordinary spec- 
trum ; the sole effect is that certain colours are ciit out, or \ 
absent. We get the colour, as so often before, \>y suppressing j 
colour. If the glass is a pretty pure red, only red and a I 
little orange, a b, is seen in the snectrum of the half slit 
covered by the glass ; ail the rest is cut aivay. So of all 



ABSORPTION. 113 

'elatines or glasses, but we soon find it is very 
difficult to find a pure colour ; generally there are left, at j 
least, two well-riiarked colours ; and if we unite just those ' 
portions of the ordinary spectrum, by employing proper 
slits in proper places, and uniting the colour passing through 
ihem by our confectioner's jar, or a cyUndrical lens (§ 49) 
we get the same colour as the coloured glass. 

'We see, therefore, that in passing througli a transparent I 
body, its molecules take up or absorb the waves of certain 
periods, and the remainder passing through give the colour of 
' the glass. This is not at all difficult to understaiid. We have 
supposed every matter-molecule to have its own period of 
vibration (see next chapter) ; or perhaps more often periods, , 
as it seems probable most molecules arc complex. These ■ 
molecules can freely coramtinicate any vibrations to the 
ether-atoms; but conversely it must be different: Ihe 
matter-molecules can only take up synchronous vibrations. 
That one tuning-fork will communicate its vibrations to ( 
another of the same note we know ; and we also find that 
b thus giving up its motion to the second, it loses its own 
more quickly than one that does not. A fork mounted on 
a unisonal resonance- case sounds louder, but stops sooner, ■ 
than one unmounted ; it has been imparting its motion to '- 
the unisonal column of air, and in so doing exhausts its 
eoergy. See then what must happen. If waves which pro- 
duce red sensations require vibrations of 450 million millions 
of times in a second, and such rays pass with others through . 
matter whose molecules vibrate at that rate if set in motion, I 
Ihese must themselves take up or absorb all such from the ■ 
Ether, and the rest passing through give a colour due to 
the other rays — in this case green. 

Wc shall examine tests of this theory presently; but 

meantime, however absorption is produced, many other 

, ecperiments will show that the colour of our glass is j 
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produced simply by the absorption of certain colours. Throw 
a good long spectrum on the screen — through two prisms if 
the light is powerful enough — and provide some largish 
squares of the coloured glass or gelatine. Say we have a 
red one. Walk up nearish the screen and hold the square 
in the hand by one corner in the red rays ; it stops these 
very little, or is " transparent " to these rays, which it per- 
mits to reach the screen. Move the glass along in the 
spectrum, however, and gradually we find it casts more and 
more shadow, till at last the shadow is black ; the glass is 
absolutely opaque to such colours of the spectrum ; it 
absorbs them all. 

We soon find also, that as absorption increases, not only 
the shade, but what we call the " colour " itself, often 
changes, more and more of the spectrum being cut out ; 
as indeed we should expect. With marine glue cement 
together a few glass troughs, of plates about 4 inches square 
and \ inch apart. Make solutions of chlorophyll (green leaves 
in alcohol, pretty fresh), permanganate of potash, picric 
acid, ammonia ted sulphate of copper, oxide of copper in 
ammonia, and bichromate of potash. Try first the chloro- 
phyll. One cell of moderate strength cuts out all the blue 
half and some bands in the red end ; add another cell of 
the same, and the light transmitted is probably only the 
extreme red. A very few experiments of this kind with the 
other solutions will show how wonderful are the powers of 
this " spectrum analysis," for such it is, and how complex 
are most of the colours of natural bodies ; and will prepare 
us for the further details of the next chapter. 

70. Absorbed, Reflected, and Transmitted 
Colours. — But meantime a further lesson of the same 
sort. We should expect from the foregoing that colour 
transmitted through bodies, would often differ consider- 
ably from colour reflected by them. A red glass, since 
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it absorbs the greeo and blue and transmits the red, 
reflects hardly any, and appears by reflected light almost 
black, as do some other colours. In some cases the 
colours reflected and transmitted are nearly com- 
plementary {g 71), but seldom quite so; because even 
reflected light has penetrated some distance among the 
molecules of a body, and thus been partially subject to their 
absorbing influence, or had certain vibrations taken up by 
them. Two very simple and pretty examples will sufficiently 
iUustrate this. Place a single film of gold leaf smoothly 
between two glasses 1^ inches by 4 inches, and bind round the 
edges to save from injury ; or place it between two discs of 
glass mourned with putty in wooden frames that size. De- 
flect the lantern at right angles with the line to the centre of 
screen, throw the light on the gold leaf at 45°, and focus 
it with the loose lens on the screen; we get the yellow 
reflected image. Now place it in the optical stage, direct 
the lantern to the screen, and focus ; we get a transmitted 
gran image. Take, again, a clear glas."!, and another 
blackened at the back ; and cover each with a film of 
Judd and Co.'s red ink, or any other which owes its colour 
to aniline dye. When dry, place in the optical stage the 
clear glass : it transmits a fine red image. The blackened 
one reflects (when treated like the gold leaf just now) a 
beautiful yellounsh green image. And the clear glass illus- 
trates the usually compound nature {i.e. part transmitted 
through a i>ortion of the substance and so partially absorbed, 
and part reflected) of reflected light, by giving a reddish 
orange image. 

We can easily prove by experiment that the colours we see 
in natural objects are chiefly residuals left after this internal 

' In focmlng such surfaces by reHected liglit, all the light fiom 
ibe nozzle sh()ul<l be concentraleil on ihe surloce, nad some small mark, 
a black dot, sharply TocuMid on the screen by the loose len.'i. 
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absorption, or are colours to which the bodies are trans- 
parent. Get any flower which shows a full green leaf, and 
rich red petals in largish masses, such as a tulip, and we 
soon find we cannot " see " its colours unless they are either 
placed in white light, or in the appropriate colours of the 
spectrum. Throw once more on the screen the prismatic 
band, and move along the tulip in its rays. In the red 
rays the red flower shines bright red, and the leaves pos- 
sibly dull red (owing to the peculiar spectrum of chloro- 
phyll, which transmits the extreme red as well as the green). 
But as we move it along the red becomes black, and the 
green changes also, precisely as the spectrum did when we 
cast upon it the shadows of our coloured glasses. Coloured 
flannels or highly-coloured chromo -lithographs, moved 
along in the spectrum, also yield very instructive phenomena 
of the same kind. 

71. Complementary Colours. — ^We have found that 
we make white light by compounding together all the colours 
of the spectrum ; but we have also found that we may pro- 
duce white with much less ; for in the experiment with seven 
little mirrors (§ 49), many of the prismatic rays were of 
necessity omitted. We carry this method of experiment 
further, and arrange our prism as before, with either a 
cylindrical lens (or the water-jar as such), or a large lens 
properly adjusted, to re-form a white image on the screen. 
Now prepare two black cards with slits ^ inch wide and an 
inch long, and insert them, as in Fig. 83, in a strip of 
blackened wood, with a saw-cut in it, so that we can slide 
and adjust the slits at variable distances. Introduce this 
between the prism and re-uniting apparatus, and, first 
covering up one slit, arrange the other so that only the 
blue rays pass through it, giving, of course, a blue image. 
Next, uncover the other slit, and carefully sliding the second 
card to and, fro, we can find a position (somewhere in the 
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■ or orange-yellow), which again Makes the image 



I 

^^^■botinuing these experiments with other colours, we find 
^^BM for almost any colour near one 'end of the spectrum, 
there is another towards the other end which, with it, makes 
white, and is accordingly called its " complementary colour," 
And notice that we can do this with our realty " pure " 
spectrum colours. It is not as in a former experiment 
{i 48), when we divided the whole spectrum by a wedge- 
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prism into two coloured images ; for those two colours really 
were themselves compounded, and between them contained 
af/ the coloured rays. But here two single colours make 
white ; and hence we learn that we may have a white, un- 
distinguishable by the eye from any other white, which will 
not, on prismatic analysis, yield more than two colours. 
We may, by continuing these experiments, find that a white 
may be compounded of three colours, or of more. We 
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never get a white unless there are waves of more than one 
period; but either white, or almost any colour, may be 
compounded out of various constituents. 

72. The Eye unable to judge of Colour- Waves.— 
Now this is another cardinal, fundamental fact. It teaches 
us a wonderful truth, which still more remarkable experiments 
will confirm ; viz., that colour and light, as we see theniy are 
not only purely matters of sensation, or subjective conscious- 
ness ; but that this consciousness is easily deceived, and quite 
incapable of distinguishing between whites and colours very 
differently constituted. We cannot tell " by the eye " that 
the blue-yellow white differs from seven-colour white ; nor 
can we tell by the eye that a compound blue, containing 
nearly one-half the whole spectrum, is different from a pure 
spectrum blue, which may be found of the same apparent 
shade. 

73 Mixtures of Light and of Pigments. — ^And there 
is another strange thing. The old artists always considered 
that blue and yellow and red were " primary " or simple 
colours, and that blue and yellow made green. But here 
are blue and yellow, and instead of making green, they 
make white 1 How is it they ever make green ? To solve 
the question, we fill one of our glass cells with solution of 
picric acid — apparently a pure yellow — and hold it in front 
of half our slit, as in previous absorption experiments. It 
allows not only yellow to pass, but nearly as much greerty 
absorbing all the other rays. We take a rich blue glass, and 
analyse that in the same way. This apparently pure blue 
allows blue, and as much green, to pass, absorbing nearly all 
the rest. This itself is strange enough — that when we add 
green to both blue and yellow we should be unable to detect 
it by the eye. But it is obvious now that if we place both 
colours in the path of the beam, one ^^r the other, the yellow 
solution will stop the blue rays which get through the blue 
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glass, and the blue glass will stop the yellow ; but both allow 
tht green to pass, and the net result is therefore that colour. 
It is the same with powders and paints ; the light penetrates 
some little distance among their particles (§ 70), and is 
absorbed in the same way; and the green we get is the survival, 
or net result after the absorption by both, mixed with some 
white light reflected unchanged from the outer surface. 

Hut get another lantern, or use both nozzles of the bi- 
unial if such is employed, and place the ordinary objectives 
on both. Place in the ordinary slide-stage of each a black 
card, with an aperture which shows, say, a 2-feet disc on 
the screen ; arrange that the two discs partly overlap, and 
hold in front of each objective one of these same two 
colours, or the blue may be a cell of the sulphate of 
copper. In this way, it is obvious that instead of the light 
on the screen being the remainder of two successive sub- 
tractions or absorptions, where the discs overlap it is the 
light from both colours added. And the result now from 
these two same colours is not green, but — white.' Analogous 
effects may be shown with a good grass-green glass, chosen 
by trial, and the beautiful purple solution of permanganate 
of potash. 

As some may still have difficulty in realising that succes- ' 
Sive absorptions are the real cause of our ordinarily getting 
green by combining blue with yellow, or orange -yellow, we 
may make another striking experiment, which would seem 
to be a crucial test. Our previous blue and yellow allowed 
green to pass through each, as shown by spectrum analysi 
and therefore green was what may be called the sole | 

' It is pos-^ible lo get a lolution of ammonkted sulphate of clipper so 
pure Q blue as Co transmit hardly any green, ubeti the green half of the 
ezperiinent. with that particular solutiinn, wouid naturally fail ; but get 
either solutions or glnsses of a gojd blue, which transmit green bs well 
m thdr blue and yellow, and the .same mnlerial-. will dti fot Uoili. 




" surviving " colour, But, by search, we may find solutions 
which will give very similar colours to the eye, but of another 
prismatic character. Make a solution of oxide of copper 
in liquor of ammonia. This, too, is blue, and its spectrum 
A c (Fig. 84) shoivs that it allows to pass, beside blue, nearly 
all the green ; in fact, all the spectrum to the point B. Make 
another solution of bichromate of potash, which is a deep 
or orange-yellow. This allows the red and yellow end of 
the spectrum to pass, from the point e, with only a trace of 
green, if any; and by a little dilution of one or other 
solution, or the use of a wedge-shaped gJass cell for each, 
the amounts of these two colouring matters can with care 




Fig. 8..— Complem. 



be so adjusted that the spectrum of one begins about 
■tvhert the other ends, and there is no portion transmitted by 
both. Now here are a blue and a yellow very similar to 
the preceding ; and their discs, when overlapped, produce, 
like them, a fair white, or nearly white. But superpose 
these two cells across the nozzle of the same lantern, and 
we get no longer green as we did before, but black ; the two 
stop the tight altogether. 

These experiments explain a fact familiar to painters in 
water-colours, which as a rule are more or less transparent 
colours, showing very largely by the white light of the paper 
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lected thtvugh them ; as may be seen by their colour on 
: paper differing widely from ihat of the cake. Hence 
brilliancy can only !« got by a single wash ; every successive 
wash stops out more and more of the white light; and 
several washes, of the proper spectral colours, instead of 
producing white as in the Newton's disc {§ 49), or as even 
a mixture of colours in one wash sometimes will, rather 
produces a muddy grey approaching black. The final 
result can only be the colour which is allowed to pass by all 
the washes, which is very little. As Sir John Herschel 
expresses it, the water-colour painter ' really works chiefly 
by liesfroying colour, and therefore uses as few washes as 
he can. 

Even with pigments painted in water-colour on white 
paper, the same facts may be proved by proper arrange- 
ments. If we mix on the palette bright cobalt-blue and 
the lighter chrome-yellow, a wash with the mixture gives us 
a good green, by the double absorptions among the particles 
already described. But so long ago as 1839 Mile found, 
that if rather narrow and long stripes were painted con- 
tiguously of each alternate colour separately, and then 
blended on the retina by removing the eye to a proper 
distance, the result was not green, but either a white or 
rather yellowish- white, according to the shades of yellow 
and blue,^ Or the colours may be blended in larger patches 

' What ii bere saiii applies far less to oil painting, which deals with 
loorc solid I.-xyers of pi;rincnt, unaided by a while background . 

' I liave seen very recently a stnlemcnt by a " practical arlisl," who 
Bccompanied it with much hard language nlxiut " scientific theoriiers," 
tliat such stripes when so blended gave grten. All that esq be said 
abont such an assertion b, that as a general rule, with really good 
lilacs or yellon-s, it is simply not the fact ; the statement i< due to sheer 
ignonnce and lack of experimental investigation. Some blues and 
yellows arc so saturaird with green in addition to Ihe blue and yellov, 
thai «fter Ihe two latter have combined into a while, the green heavily 
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by a double-image prism, ^ or in other ways. Any tolerably 
pure blue and yellow will always, when their coloured 
images are added^ produce white or near it, and cannot 
anyhow when so added be made to produce green. 

74. Primary Colour Sensations. — Nevertheless it is 
considered probable that there really are three primary colour 
sensations, though different from the blue, yellow, and red 
of the old artists. Helmholtz and Maxwell believe the 
three primaries rather to be violet, green, and red. Certain 
mixtures of violet and green can be made to give a blue, 
which accounts for nearly the whole half of the spectrum 
from the blue end, when combined, appearing of that 
colour ; and red and green will also give a yellow — most 
mixtures, however, giving one of an orange shade. Yellow 
appears to the eye such a ** pure " colour, that it is difficult 
to believe it can really be compounded. We have seen 
already, however, that it will bear mixture with a very large 
quantity of green without the eye detecting that mixture ; 
and it is easy to show by experiment that red and green 
will produce it. One method is a very pretty one easily 
demonstrated by any double lantern. 2 From one nozzle 
project a spectrum by any of the arrangements which h^e 
been described ; from the other focus on the screen the 
image of a perpendicular slit in a black card in the ordinary 
slide-stage, long enough for the image to project some 
obvious distance above and beneath the spectrum, when 
thrown upon it. Place in the stage with it a pretty pure 



predominates. Such will of course give green ; but approximately pure 
and bright blues and yellows cannot be made to do so ; and examina- 
tion of the blue-greens which do, through a prism, will reveal at once 
the great preponderance of green which causes the exception. 

1 See§ 112. 

2 To the best of my belief it was first so performed by Professor 
Tyndall. 
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red glass, and move the nozsle so that the red image may 
travel along the spectrum — somewhere in the green we shall 
get a fair yellow. Again, take a green glass with the slit, 
and somewhere in the red we shall again get a yellow. 

Another method is due to Lord Rayleigh. A film 
of blue gelatine stained with litmus is placed between 
two glasses; prismatic analysis by methods already de- 
scribed, shows that it cuts out all the yellow and orange 
rays. A similar yellow film coloured with aurine cuts 
out all the blue and violet. I3oth together, it wilJ be 
seen, stop out all but the red and green.' Now take away 
the prism, and let the light from the lantern pass direct 
through both, and we get an orange-yellow. So that here 
we actually have apparently biue and yellow glasses produc- 
ing neither green, as in one previous experiment, nor white, 
as in another, nor black, as in another— but by successive 
absorptions, nrange-yelltnt, ! And in all four cases pris- 
matic analysis of the glasses or other coloured substances 
separately, perfectly accounts for all ihe phenomuna. 

But observe, that we say three primary colour stn- 
satioiis, and not three primary colours. The distinction 
is very important. So far as the actual spectrum and 
spectral colours go, even Newton's seven do not repre- 
sent the case^every point in the spectrum differs somewhat 
in shade from its neighbours, and each one has its own 
distinct period of vibration, on whicii the colour (and other 
properties also) depends. No one is any more " pure" or 
" primar}' " than the other. But there are generally believed 
to be in the retina of an ordinary eye three main sets of 
nerves, or of the fine rods already referred to (5 61), or 
whatever else receives the impacts of the ether-waves and 
translates them into consciousness ; one responding mainly 
to violet, another to green, and another to red. But tuning- 

' Both gUfses, ready prepared, can be oblaincd of Mr. Browninfi. 
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forks, to take one obvious analogy, will respond in a less 
degree to other than their own proper notes ; and so it is 
supposed these sets of nerves, rods, or other mechanism 
also respond in less degree to other wave periods than their 
own. It is then easily conceivable that periods which give, 
let us say, a pure spectral yellow, should also act on the brain 
by partially exciting the red and the green rods ; and we 
should of course expect that if these red and green rods 
were simultaneously excited by their own proper colours, 
they would then produce the same sensation of yellow, or 
nearly so, as in the other case. The same reasoning would 
apply to other colours ; and will account for blue and yellow 
alone making white. For if the blue waves excite the 
violet, blue, and some of the green, while the yellow waves 
excite the green and the red, the two together set in motion 
more or less the apparatus which responds to all the colours 
of the spectrum. However the exact details may be worked 
out, the remarkable phenomena of colour-blindness, and 
the fact that they are almost entirely confined to blue, green, 
and red colours, make it very probable, if not certain, that 
in the main this view is the true one. 

75. Colour merely a Sensation. — The obvious and 
striking consequence at once results from such a theory, that 
colour is merely a sensation. We have already made many 
experiments which confirm this view, and show that the 
sensations are by no means trustworthy guides ; but we can 
now demonstrate that it is so by still more striking experi- 
ments, whose nature is easily understood. We have (§ 61) 
supposed vision to be excited by motion communicated 
transversely to the ends of fine rods, with which the retina 
is studded, and so communicated through the nerves to the 
brain. Now, if we press a rather blunt pin-point on any 
part of the body, or excite sensation in any other way, we 
feel it at first very vividly ; but by degrees the sensation 
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deadens, and we take no notice. The nerves which respond 
to that particular feeling are by exercise, for the time, 
fatigued — tired out — and can no longer do their work. 
That is the reason we wear onr clothes without feeling them, 
and of many similar facts. Now if we siii>pose some of 
the rods to respond, like tuning-forks, to certain vibrations 
or colours, and other rods to others, we ought to e.vpect, 
under similar circumstances, results of the same kind. 
This is our next step in the demonstration, and the object 
of our next experiments. Two lanterns may be used, one 
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to illuminate the screen the moment the other is shut off; 
but one is to be preferred, as more certain, for the first two 
experiments at least. Remove the objective, and prepare 
a black card 3 inches or 4 inches square, with a circular 
hole in the centre, which, when held against the flange- 
nozzle, as at N, Fig, 85, and there focused on the screen, 
gives a disc of about 18 inches diameter, or 12 inches for a 
short screen distance. Arrange the loose focusing lens 
F in front, to focus it accordingly, as in Fig. 85, and of 
course when the card is removed the whole screen is instantly 
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illuminated. Have ready also a piece of good red glass, 
the size of the card, the picric acid cell, and a blue glass, 
or the ammoniated copper cell First we hold the plain 
card over the nozzle, as shown^in the figure, while we count 
twenty rather deliberately, fixing the eyes meantime intently 
on the same point in the bright' disc. After twenty or twenty- 
five seconds remove the card suddenly, and where the disc 
was we now see a dark circle on the illuminated screen. 
The exhausted nerves no longer respond to the stimulus 
of the white screen, as do those over the untired area ; 
and hence, though all the screen is equally white, where 
the disc was it appears dark; . 

Repeat the experiment \vtol thp red glass held over 
the card, removing both together. Here the fibres or 
nerves which respond to red vibrations alone are fatigued \ 
the others are not. Hence when the glass and card are 
withdrawn, and the screen illuminated with white light, the 
red rays of that light can no longer excite in the tired 
nerves such vivid sensations as the other colours which 
affect fresh and rested nerves ; and so, after a second or 
two, the place where the disc was appears green, though 
no green light is really there, except as a component of 
the white. In the same way, hold the picric acid cell in 
front of the card for twenty seconds, and we get a spectral 
blue, while the blue solution gives us a yellow. We " see " 
a colour which does not exist, except in our nervous 
sensations. 

There is one still more striking experiment of the same 
class — that of projecting upon the screen the entire spectrum.^ 

^ I believe this beautiful experiment was first performed by P/ofessor 
Tyndall at Glasgow. Seeing the expressions of misgiving with which 
he introduced it even with the electric lantern, I was somewhat sur- 
prised to find that with the lime-light the effect is all that can be desired; 
and that with a screen distance of about 6 feet, and a good bisulphide 
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Arrange the bisulphide prism as for so many previous ex- 
periments, but using now as wide a slit as will give fairly 
pure spectrum colours; and arrange that a tolerably brilliant 
gas-light can be turned up instantaneously at a given signal. 
Project the spectrum on the otherwise dark screen, but in 
this case count thiriy ; and be sure vision is fixed, by 
placing a small black mark to look at about the middle of 
the spectrum. At the word " thirty," cover the lantern- 
nozzle, while an assistant turns up the gas ; and we see 
on the screen the complemtntary speclnim, solely due to 
fatigue of the organs of vision.' 

If further proof be needed , of the distinction between 
the physical realities which ,ujider]ie light and colour, and 
our purely sensational consciousness of them, it is at hand. 
Some people are more or less " colour-blind," while yet the 
perfect optica! images must be formed on the retina. Some 
few have absolutely no sense but that of light and 
shade, though the physical reality is the same for them as for 
us. What the world appears to them, we may demonstrate 
by lighting our room with a Bunsen burner, in the flame 
ot which dry carbonate of soda is held, or still better, a 
morsel of sodium in a spoon. All is mere light and shade ; 
and we can see, as we turn up the ordinary gas, what we 
should miss, without the colour-sense, from our beautiful 
world. Finally, a large dose of the medicine satitoniiie 

prisni (witb a. glitsa one Ihe spectrucn is not long enough), it con be 
salisTaClorily shown even with an Argaod gns-humer, on one conilitioii 
— ibnl the screen is not too brillmntly illuminaled afterwards. Fletice 
the illuminalion of the screen by an ordiraryga'i.liyht during the second 
sisge, instesd of throwing upon it the full beam from the lanLem. 
• ' There are a few with whuiu these experiments do not succeed. 
Sooieoi lhe<e are colouT'blind, while others seem peisislently "unable" 
in all such matters ; and the whole nervous system of some is so 
. vigorous, that the retina does not readily become fatigued ; Ijui ninc- 
tenlbs of any average audience lind no difficulty. 
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affects the colour-sense considerably, and, besides distorting 
other colours, makes nearly all persons incapable of per- 
ceiving violet and purple. This strange fact is easily 
accounted for if we conceive that the drug renders the rods 
or fibres attuned to the quicker vibrations so relaxed, that 
for the time they only respond to slower ones. There 
are even some individuals (the writer is one) to whom the 
very same coloured object appears of perceptibly different 
colours or shades of colour as regards the two eyts. * 

^ In my case a purple object appears perceptibly bluer to one eye and 
redder to the other. 
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11 Spectri — Their use in Analysis — Conlimious Speelra— The 
r Spectrum — Line Spectra — Reversed Lines — Radiation and 
pbsorptlon Reciprocal — Fraunhofer's Lines— Reversed Solar Lines 
^-Thickened Lines — -Solar, Stellar, aud Planetary Chemistry. 

76. Absorption Spectra.— Some of the experiments in 
ihe preceding chapter have really been experiments in spec- 
trum analysis, of precisely the same nature as are half of the 
experiments made by microscopists and chemists every day. 
A large part of their work consists in the examination of 
mere " absorption spectra " such as we have already seen 
upon our screen. We may demonstrate its nature by many 
homely and instructive experiments. Filling, for instance, 
our glass cells with known samples of genuine claret or 
other wine, we obtain by the melhod already described, a 
spectrum with certain dark bands. Now we can easily 
obtain other solutions, compounded with more or less 
alcohol, and coloured with various substances, which, " to 
the eye," are of exactly the same colour. But the imitative 
solution will not give the same absorption spectrum. It 
cannot he made to do so, inasmuch as the vibralior.s absorbed 
depend on the sjnchroiial libralions of the very molecules 
themselves. It is needless to give more examples, or to ex- 
plain how we have even in this method of analysis a powerful 
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and delicate means of detecting adulteration, in any sub- 
stance which admits of being presented as a coloured 
solution, or any other transparent form. We have only to 
ascertain the absorption spectrum of a sample of known 
purity ; and the spectrum of the sample to be tested will at 
once reveal if it be genuine or adulterated. 

Again, if healthy blood be somewhat diluted with water, 
a characteristic absorption spectrum will be observed with 
all the blue end cut out, and two broad bands in the yellow 



and green, near the u and e lines to be presently explained. 
But if we now hold in front of the slit a trough filled with 
hlood poisoned by almost anything — say by carbonic oxide, 
or prussic acid — at once we shall perceive a maxked 
difference in the spectrum. Light will be a Reveater of the 
poisoning to which the blood has been subjected. 

Any coloured gases or vapours contained in closed 
tubes will give similar and very characteristic absorption 
spectra. A tube containing some iodine, vapourised over 
a lamp and held in front of the slit, gives a very beauti- 
ful spectrum ; as also does one filled with nitrous gas {Fig. 
86). The latter gas can be easily produced by putting some 



copper- turnings in a test-tube and pouring on them some 
nitric acid. Carefully avoid inhaling the fumes. 

77. Continuous Spectra. — But, however much we dis- 
perse the spectrum of our iirae-light or gas-burner, from the 
narrowest slit, we fail to find any dark bands in (hat ; it is 
an unbroken band of colours, insensibly shading into one 
another (Plate II. A). Such is called a continuous spectrum, 
and it is found that any body which can be heated to incan- 
descence without being vapourise J — that is, which glows while 
retaining a solid or liquid form — gives this kind of spectrum. 
If we heat a piece of iron, for instance, it gives out first only 
|f light — the longest and slowest waves. As we heat it more, 
low is added ; then gradually green and blue ; but the 
|(trum is always confiniious as far as it goes. A gas 
fi docs not give us by ordinary methods the spectrum of 
>our, but that of the so/id particles of carbon in a state, 
t incandescence ; hence the continuous spectrum. This 
y rule has been found universal. Many substances are vola- 
tilised before they can be made to give a complete spectrum : 
but if they can be heated so as to emit light at all, it is 
an unbroken spectrum so far as it extends, and it commences 
from the red end. Thus the body emits the very slowest 
vibrations first, gradually acquiring tlic quicker ones ; which 
we recognise in popular language when we say it first 
becomes red-hot and then white-hot. A thermometer 
moved in the spectrum will show us that still longer and 
slower waves than the visible red waves extend beyond 
the red end, and are even hotter than the red. So that a 
body, heated, first accjuires comparatively slow vibrations, 
which are too slow and long in their waves to excite 
vision ; gradually it adds quicker and quicker ones ; till at 
a certain point, different for each body, the motion of the 
molecules is so rapid as to overcome the attractive forces, 
and the molecules fly apart in vapour. 
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78. The Solar Spectrum. — We cannot show the solar 
spectrum in the lantern, but every student should see the 
leading phenomena for himself. Provide sufficient black 
cards to go all across a window as a black band about a 
foot high, resting on the middle sash or bar ; they need not 
be fastened, as the only object is, for the width of that band, 
to stop out the light, and a little overlap of loose sheets will 
effect this. In one of the middle sheets cut a slit not 
more than i mm. (^ of an inch) wide and two or three 
inches long ; and choosing a day when the sky is brilliantly 
lighted, and the slit standing out against it, or at least against 
a bright white cloud, take the bi-sulphide prism, and observe 
the slit through it from the other side of the room, or from 
a distance of not less than eight or ten feet.^ The spectrum 
will be plainly seen to be crossed by several well-marked 
dark lines, as represented in Plate II., Fig. D. By employ- 
ing more prisms to increase the dispersion, and examining 
the image with a telescope, these lines are increased to 
hundreds; but those in the plate can be seen with the 
single prism-bottle and nothing else.2 

Now we have the best of reasons to believe that the sun 
is incandescent : his amazing heat alone makes the supposi- 
tion a necessity ; and his spectrum is moreover, to the eye 
alone, unless widely dispersed, so very near to a continuous 
spectrum as to make it almost certain upon that ground 
also, that the light emitted from him originally must be from 
an incandescent fluid or solid. What, then, is the cause of 
these dark lines ? The probability would appear to be, 

^ It does not seem generally known that the principal lines of the 
solar spectrum can be perfectly well seen by this simple means. Even 
with a " lustre" of pretty good flint glass, I have never failed to see 
the D line, and the chief line in the blue. 

- For further details of spectroscopes and spectroscope work, see 
The Spectroscope^ by J. N. Lockyer, F.R.S. {Nature Series). This 
chapter only deals with the. physical outlines of the subject. 



LINE SPECTRA. 133 

even from wTiat we have seen already, that they are in some 
way due to absorption, 

79. Line Spectra. — We examine next the spectra of 
coloured flames, or flames which contain the vapour of 
solid bodies. The metal sodium is a convenient substance, 
being so easily volatilised, and the vapour so readily made 
incandescent by a moderate temperature. Slide back the 
burner or lime jet, and introduce at about the point it 
usually occupies a short Bunsen burner. In the flame of 
this hold in a small platinum spoon a pellet of sodium. 
The spectrum arrangements being all ready as before, 
we see on the screen simply a bright ytllow line — the 
characteristic line of sodium, known as the d line or lines. 
.All the rest is dark ; the sodium-vapour gives a pure yellow 
light. (Plate II,, Fig. F,) 

Now, it is found that all incandescent gases give such 
" line " spectra ; as if, when their molecules of matter were 
so dissociated as to be able to behave independently, they 
had tlieir own periods of vibration, like pendulums of a 
fixed length. Some give more lines than others — sodium 
itself gives an additional line with the more intense heat 
of the electric arc ; while with wide dispersion the yellow line 
itself splits into two lines close together. But incandes- 
cent gases give line spectra, and no gas or vapour gives 
ihe same hnes as any other; so that when Mr, Crookes 
some years ago found in the spectrum of some lead- 
refuse volatilised, a new green line none of the known 
metals had yielded, he knew he had something before 
him hitherto unknoivn, and pursued his investigation till 
he had separated the new metal Thallium. As in all 
previous instances, Light was to him a true Revealer of the 
anknown. 

Lithium and Strontium are pretty easily volatilised in the 
shape of their chlorides, and a small quantity of these salts 
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will generally show visible line spectra in a good Bunsen 
burner ; if not, they may be carefully held in the oxygen jet 
But sodium is at once the most striking and most easily 
manipulated example for screen work.^ 

80, Reversed Lines. — In 1859 KirchofF cleared up the 
mystery of the solar spectnim, by ascertaining that when 
the vapour of sodium was interposed between the slit and 
the solar spectrutn, the d line was darkened. We have seen 
the bright v> line of sodium, as projected from the lantern. 





Fig. 87. — Reversed Sodium Line. 

We now restore the lime cylinder to its place, and throw the 
continuous spectrum on the screen in the ordinary way.^ 

1 With the table spectroscope, where much less illuminating power is 
required, many substances may be used which are useless with the 
lantern. With the latter, nothing beyond absorption spectra and the 
line spectrum of sodium can be shown without the lime-light. 

• Nothing less than the lime-light is brilliant enough to show the 
reversed line on the screen. In private experiments with a prism, a 
good paraffin lamp is bright enough to show reversed lines with many 
chlorides. 
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As near the slit as possible we adjust the Bunsen burner, 
between the slit and the lens ; and between the burner and 
the lens, again, we interpose a screen of black tin or black J 
card, with a somewhat larger slit, so as to cut off the diffused I 
light from the sodium from the screen. Introducing a pellet J 
of sodium into the Same, it bursts into vivid combustion, 
and the light from the slit has to pass through the yellow 
flame. At once a dark band in the yellow appears on the 
screen (E, Plate II). It is not really black ; for we know that 
if the sodium flame alone i\'ere employed it would give the 
yellow band ; but it is comparatively dark : it stops the larger 
portion of the brilliant light from the lime cylinder. 

By another and a better arrangement we can show the 
two spectra together, and demonstrate that in this way we 
get an exact and absolute reversal of the sodium line. It 
is shown in Fig, 87. Everything but the condensers is 
removed from the lantern, and a few inches from the 
flange-nozzle, n, is adjusted a rather large black tin screen, s, 
in which the slit is cut, and which has side-guards (not 
shown) in orderto stop as much as practicable scattered light. 
As close as possible to the slit is arranged the Bunsen 
burner, b, between the slit and the lantern; by this 
arrangement all the light has to pass through the sodium 
flame, while none but what passes the slit can reach the' 
screen. On now holding the spoon with the pellet of 
sodium in the flame the dark band appears in the spec- 
trum ; and by holding another plate, t, between the Bunsen 
burner and the condensers, the lime-light may be cut off 
from the upper portion of the slit, leaving the light of the 
sodium Hame alone. The result will be as shown. One 
half of the spectrum will show the bright line on dark 
ground, giving the radiation spectrum of sodium, r. The 
Other half will show the dark line on the continuous spec- 
trum, giving the absorption spectrum, a. 
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8i. Radiation and Absorption Reciprocal. — After 
all, this is what we should have expected. It simply shows 
us that, as we have found reason to suppose before, the 
molecules of matter really do take up or absorb those ether- 
vibrations which synchronise with their own vibration-periods. 
We form the conclusion, subject to experimental verifica- 
tion, that all vapours ought to absorb the very same colours 
which they radiate or emit when heated to incandescence. 
And experiment does verify the conclusion. In every case, 
where the vapour of a metal gives out bright lines, there, 
when interposed in the path of a brilliant continuous 
spectrum, that spectrum is crossed by dark lines. 

82. Fraunhofer's Lines. — We can now perfectly under- 
stand the solar spectrum (Plate II. D), The dark sodium 
or D lines show us that between the incandescent body of 
the sun and ourselves is the vapour of sodium ; other 
lines demonstrate the presence of incandescent hydrogen ; 
other lines, again, those of iron. With greater dispersion 
the dark lines are, as already observed, multiplied to 
hundreds, and nearly a hundred of these are iron lines. 

Fraunhofer's lines are of great value in another way. 
They serve as landmarks in the spectrtun. It is difficult 
or impossible to determine light of a given wave-length 
by the colour alone; but these lines have fixed places, 
and, being all carefully mapped, answer every purpose. 
Where no -solar spectrum can be employed, still the 
ascertained .lines of iron, or sodium, &c., answer the 
purpose, the chief lines being all lettered and numbered. 

83. Reversed Solar Lines. — All the preceding suppo- 
sitions can be actually verified in the case of the sun, and 
we are able to obtain with proper instnmients just such 
reversed or complementary spectra as our lantern gave us 
of the sodium line. If the sun is surrounded by various in- 
candescent vapours, and these could be isolated from his 



overpowering continuous spectrum, we must have the bright 
lines. Tliis was first accomplislied during total eclipses, 
when the incandescent atmosphere gave the bright lines of 
sodium, hydrogen, iron, and other substances, conspicuously 
enough. By wider dispersion, which it will easily be under- 
stood weakens proportionately the continuous spectrum, while 
not able so to disperse the more definite vibrations of line 
sijectra, spectroscopists are able to show in juxtaposition 
the spectrum of the sun himself, and of his outer envelope 
of luminous gas, or chromosphere. Fig. 88 shows a very 




small portion of the result,' and we see plainly the bright 
¥ line in the chromosphere, while below is the portion of 
the continuous spectrum, which shows the dark line exactly 
coincident, just like the two sodium spectra in fig. 87. 

84. Thickened Lines.— There is one more rather im- 
portant point. We have seen that solids or liquids, whose 
molecules are comparatively close, when those molecules are 
' 'I'akeu from Thi Sptclrosccpc (Nalurt Series), 
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forced into violent vibration by heat, appear so hampered 
as to vibrate in all periods, thus giving the continuous 
spectrum. When the molecules are at last driven apart, 
and are comparatively free, they vibrate in their own indi- 
vidual periods, and give lines — at least this is our hypo- 
thesis regarding the phenomena. If it be well founded, 
we can test it ; for obviously more pressure, or compressing 
even gas particles closer together, ought to produce more or 
less approach towards a continuous spectrum. Experiment 
does verify this, and many gases have been so compressed 
as to give a very considerable spectrum. The easiest demon- 
stration, however, is with our ever-useful sodium. Enclosing 
some fragments of sodium in an exhausted tube afterwards 
filled with hydrogen, and again exhausted before sealing 
(this is to prevent oxidation), we have the materials for a 
very elegant experiment.^ We throw the lime spectrum on 
the screen as before, and hold the tube over the slit — there 
is no appearance of absorption. Applying heat, the thin 
dark line comes on the spectrum which we know so well. 
Continuing to apply heat, we of course increase the density 
of the sodium vapour, and its pressure ; and as we do so 
the line thickens^ till it occupies a rather conspicuous width. 
Removing the lamp, the phenomena are all reversed. Our 
theory, and the expectations formed from it, are verified to 
the minutest particular. 

Again, referring to Fig. 88, it will be seen that the bright 
F line of the sun's chromosphere is much thicker at the 
bottom than the top. We gather from this optical evidence, 
what we know must be the case on other grounds, that 
the pressure of the incandescent atmosphere is much greater 
near the sun's surface. 

85. Solar, Stellar, and Planetary Chemistry. — 
Thus we see how the spectrum enables us to ascertain with 

^ Due to Dr. Frank land. 
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wonderful accuracy much about the actual components, and 
even actual physioil condition of the most distant heavenly 
bodies. It is interesting to find that, as far as we can 
trace them in our telescopes, these are constituted of pre- 
cisely similar matter to what we are familiar with, governed 
by precisely the same laws. Diverse and inconceivably 
far apart— far enough for even Light, with its enormous 
velocity, lo occupy hundreds of years in traversing the 
distance — all are yet one vast unity. We can trace their 
materials, and sort them out into groups according to their 
stages of development; we can tell if they are solid, or 
gaseous, and whether they have a surrounding atmosphere 
or not. The Light they send us is a true Revealer of all, 
and brings evidence of all these things in its beams. 



CHAPTER VII r. 

PHOSPHORESCENCE.— FLUORESCENCE. — CALORESCENCE. 

Effects of Absorbed Vibrations — The Invisible Rays of the Spectrum 
— Three Independent Spectra non-existent — Phosphorescence — 
Fluorescence — Calorescence — Relation of Fluorescence to Phos-* 
phorescence, 

86. Effects of Absorbed Vibrations. — In previous' 
chapters, we have been led to adopt as our hypothesis of ab- 
sorption, and of the cause of colour in coloured substances, 
that molecules of matter having certain periods of vibration, 
took up from ether-vibrations of all periods, such vibrations 
as synchronized with them. We are bound to ask, what 
becomes of these absorbed vibrations ? Energy cannot be 
annihilated; and the motion apparently destroyed must 
produce certain effects. If molecules of matter thus take up 
vibrations from the ether, so quenching or weakening them, 
it may be urged that these molecules ought, in their turn, 
being set vibrating, to give out new light, or at least 
vibrations, of their own ; and further it is conceivable, not 
to say probable, that such matter-vibrations should be excited 
in some measure, though not so strongly, by ether-vibraticns 
not synchronous. Sound is our closest analogy; and we 
know that non-synchronal waves will set vibrating various 
sounding bodies. That this is so as regards heat and light, 
is beautifully shown by the allied phenomena of Fluorescence 
and Phosphorescence. 



It readily appears, on reflection, that when small masses 
act by their motions upon large masses, the more common 
effect must he the conversion of quicker motions Into 
slower ones. To use and expand a dynamical analogy which 
has been employed by Professor Stokes, let us consider short 
and choppy waves acting upon a large vessel anchored at 
sea. The quicker motions impart a slmver pitching and 
rolling of the vessel ; and these, again, cause new and dou'er 
waves in the water. But these are less perceptible than the 
primary waves, and may even be unnoticed, unless the 
water should become suddenly calm ; when thoy would at 
once be conspicuous as lon^ as the roUing continued, a 
period which would depend on the stability of the vessel. 
In the same way, long slow waves may more rarely be con- 
verted into quicker motion, and thence into quicker secondary 
waves. Regard the waves as motions of ether atoms, and 
the vessel as a molecule of matter, and the analogy is fairly 
complete. 

87. The Invisible Spectrum. — But before we can fairly 
investigate these matters, we must take into our view more 
than the spectrum we "see"' upon the screen. That spectrum 
has no sharply-cut ends ; and we know well enough that it 
has other effects than visual ones. We can readily trace 
htat in it ; and experiment in even a veiy rough way ivith a 
good thermometer soon shows us that the heat is much the 
greatest at the red end. If, on the other hand, we expose 
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If we push our experiments further, with more delicate 
instruments, we find that some of the most energetic heat rays 
are quite outside of the visible red end, in a dark space, 
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representing still slower vibrations than the slowest red rays. 
And we also find that some of the most energetic chemical 
effects are produced in an invisible region outside of the visible 
violet end. Moreover there are broad absorption bands and 
Framihofer lines in these invisible regions ; and there are 
bodies, alike in being perfectly clear and transparent to 
** visible" light, which differ widely in transparency as to 
these invisible rays. Clear rock-salt is the only body 
transparent to all the heat rays : and quartz is one of the 
most transparent to the chemical rays, which are largely 
absorbed by glass ; as the heat rays are almost totally stopped 
or absorbed by a solution of alum in water. 

88. Three Independent Spectra non-existent. 
— Hence diagrams have been constructed showing the 
comparative intensity or working power of what is called the 
Light spectrum, the Heat spectrum, and the Chemical or 
Actinic spectriim ; the energy of each in every region of 
the spectrum being shown by a curve, whose highest point 
is at the place in the spectrum where the intensity is 
greatest. Thus, the highest luminous intensity would be 
over the yellow. And it has been considered that there 
were in a beam — say of sun-light — rays of three distinct kinds ^ 
called heat rays, light rays, and chemical rays. 

But this is now known to be a mistake. All the rays are 
subject to the same laws, being reflected, refracted, diffracted, 
&c., exactly as the luminous rays whose phenomena we 
have investigated. They differ solely in their periods of 
vibration ; and their different effects are due simply to 
certain periods and lengths being best adapted to produce 
those effects. Just as with sounds, some persons can hear 
much graver sounds and others more acute sounds than 
others can, ^nd probably insects can hear sounds inaudible 
to us ; so while average visible light waves range only between 
those whose lengths are from ^^^ny^h to ^^J^ro^h of an inch 
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I m air, some persons can see rays at one end or the other, 
invisible to the majority. Again, it has been said that " chemi- 
caJ rays " or chemical effects are almost /it/ in the yellow 
of the spectrum ; and it is so as regards the salts of silver. 
But the action of light upon plants is also a distinctly 
chemical effect ; and this is perhaps, if anything, the most 
powerful in that same yellow region. Science knows no 
real distinction but periods and lengths, between any of the 
rays in the spectrum ; each period being more or less 
adapted, as a rate of Motion, to produce certain effects 
upon the molecules of bodies, or upon the nerves. 

Now as respect these effects, we have a proof that the 
quickest motions act most powerfully in some respects upon 
the molecules of matter, in the effect of vibration upon 
wrought iron. Slow motions do not affect it; but quicker 
vibrations rapidly produce a crystalline structure, showing 
that the molecules are shaken, or at least forced in some 
way into new positions. We see the same thing exactly in 
the chemical power of the quicker waves of light. It is almost 
certain that the atoms upon which they act ate literally 
shaken into new combinations, very much as in the crystalline 
iron ; and thus we can see w/ty it is the quickest vibrations 
which are often most powerful in their effects. Actinism is, 
in fact, itself one of the strongest .proofs of the vibratory 
theory of light. And as the transference of motion from the 
ether wc here suppose, is again to the atoms of bodies, we 
should eXpect to find it in some respects most evident froin | 
the quickest waves. 1 

We thus see, in a general way, what becomes of light when , 
it meets bodies opaque to any given periods of vibration. 
It can always be traced somewhere; but is largely converted ' 
into heat in the body, while many vibrations which would 
be true visible waves as regards period, are too weak to be 
discerned. We should fxfiect that the quicker motions would 
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be, as a rule, most readily traced ; and, as a rule, converted 
into slower ones. And yet we ought to find some exceptions 
to this rule, and many proofs in one way or another of what 
we are supposing takes place. 

89. Phosphorescence. — It will now be understood, that 
when we place a body in the sun for some time, and on 
removing it find that for a considerable time it gives out 
perceptible heat rays, we really have a case of what we are 
trying to find. Some people's eyes are sensitive to light 
much more faint than others can perceive : and if a large iron 
ball is heated white-hot, and then gradually cooled, such 
individuals may see the red light after others have ceased to 
perceive any visual phenomena. Hence there can be little 
or no doubt, that in the case of a body merely " warmed " 
in the sun's rays, there are also vibrations of shorter, truly 
visual periods, but too feeble for our senses. But there 
are quite a class of substances which, when exposed to light 
for a time, continue for some time after withdrawal to give 
out luminous rays, and this phenomenon is called phos- 
phorescence. Prominent amongst these substances are the 
sulphides of calcium, strontium, and barium ; but they require 
to be heated and hermetically sealed in glass tubes. The 
diamond and fluor spar are examples in the mineral world. 
The compound sold as Balmain's luminous paint is one of 
the cheapest and best known substances. Diamond and 
fluor spar glow for a comparatively short time after exposure 
to a strong light ; but the sulphides, or Balmain's paint, will 
shine for many hours by the energetic vibrations set up in 
their molecules by the ether- waves. ^ 

It is found that these effects are produced mainly, if not 
solely, by the quicker and shorter waves. If a sheet 

^ A set of phosphorescent tubes, which give various colours after 
exposure to light, can be obtained for a few shillings of any good 
optician. 
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paper painted with Balmain's paint is made slightly 
luminous, and then exposed in the dark to a strong spectrum 
for a while, when it is taken into a dark room it is found 
the phosphorescence is destroyed where the slower waves 
fell. Those waves have the property of destroying the 
vibrations set up by the quicker waves, converting theni into 
slower, or heat waves. 

90. Fluorescence. — But there is another class of bodies 
which are acted upon in a somewhat similar and yet some- 
what different manner. The vibrations of the infinitely 
small ether-atoms set up in their heavier molecules slower 
vibrations, as in the case of our ship (§86.) We have had 
one example of this when light-rays are absorbed and cause 
heat-rays to be emitted from the body ; but similarly, the 
very quick and short invisible violet rays may be converted 
into slower visible rays. Now Professor Stokes found that ■ 
when he employed quartz lenses and prisms (§ 87), the in- 
visible spectrum at the violet end was six times as long as the 
whole visible spectrum. It is no wonder, therefore, that this 
should be the most frequent of all these allied phenomena. 
It is called Fluorescence, and has been specially invest igated 
by Professor Stokes, and since by Professor Lommel. 

The conversion of invisible rays into visible ones is not 
very well adapted for ordinary lantern arrangements, for two 
reasons ; firstly, incandescent lime is not rich in the in- 
visible violet waves ; ' and secondly, glass lenses, and espe- 
cially the bisulphide prism, are powerful absorbents of I 
them. The electric light is extremely rich in these rays, , 
much more so than that of the sun. The most convenient 
light for orditiary lantern experiments is that of magnesium 

' I have seen very fa.ir actinic efTects from a magnesia cylinder. Such 
cylinders are far luo 6of£ and rapidly consumed for ordinary lime-light J 
work, and are iherefore not made now ; bul I am inclined to think I 
Ihey might be so made as tn give a good aclinic spectrum. 
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ribbon, also rich in violet rays ; and it may be used without 
any special expense, by adjusting a bit of brass tube and 
passing through it two or three ribbons ; one of the three 
will then keep the others alight, but the light must be 
watched through a bit of smoked glass. The lantern itsell 
and the spectrum are, however, only needed to show the 
creation or conversion of the invisible spectrum into visible 
rays ; and this is best done by adjusting a spectrum with the 
glass prism on the screen. We project the spectrum, stop 
off all the brighter portion, and pin over the violet end and 
beyond it, a white card painted with several coats of a solu- 
tion of sulphate of quinine in water acidulated with sulphnric 
acid. We see a very obvious brightening of the visible violet, 




and that a perceptible region, before invisible, becomes 
visible where painted with the quinine (Fig. 89, b c). 

Taking a cell of the quinine solution, and interposing it 
in the path of the I an tern -beam, the screen shows that it is 
prefectly clear, as "clear and colouriess" as water. But 
holding the cell so that the light in the cell can be seen, it 
glows with a beautiful bluish shimmer. Now with this cell 
we can show the perfect reciprocity between radiation and 
absorption which we have found before. 

We project from the lantern, with a flint-glass (in default of 
quartz) train, the ordinary spectrum, a b (Fig. 89). Towards 
the violet end b, is attached the piece of white card painted 
with the acid solution of quinine, producing the brightening J 
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B and extension to C Now we interpose in front of the 
slit or lantern-no izle the flat glass cell filled with the same 
solution. The b c portion is at once absorbed, and thi 
tram brought back to its former dimensions and character. 
Tlie demonstration thus is complete, that emission here also 
is reciprocal with absorption. We see also the reason why, 
in examining cells or tubes of quinine, a weaker solution is 
better. In strong solutions the effect only penetrates to 
small depth, because as the light penetrates, more and more 
of the effective rays are absorbed ; until, at last, the light 
that has got through a certain amount, though to all appear 
ance as white and complete in various waves as ever, has 
utterly lost all power of exciting fluorescence. The quicker 
rays have been taken up by the quinine, which emits them 
on its own fresh account ; and therefore they no longer exist 
to cause fluorescence in what quinine maybe behind. 

Having demonstrated the spectral relations of these 
fluorescing rays, however, a more convenient plan is to bum 
magnesium in a small box with one side of violet glass. 
The glass, of course, has no real operation beyond stopping 
off the more brilliant part of the spectrum, which might 
otherwise overpower the more feeble fluorescent effects. 
The private student may use sunlight admitted through a 
small square of blue or violet glass into a dark box. Or if 
an induction coil is at command, a vacuum-tube filled with 
rarefied nitrogen, or even air, gives a light feeble, but rich 
in actinic rays, which, if surrounded by a large tube in 
which fluid can be introduced, gives fine efl'ects. The purply- 
blue light of burning sulphur is sufficient for many sub- 
stances ; and sulphur burning in oxygen, or some potash 
pyrotechnic mixtures, give powerful effects. 

Substances or solutions which show good eflects in the 
violet or ultra-violet rays, are the following : — Petroleum, 
which is yellow, and fluoresces blue ; tincture of turmeric, 
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or extract in castor-oil, yellow, fluoresces green ; nitrate 
of uranium, or glass coloured with uranium, fluoresces 
a brilliant yellowish green. If some fragments of horse- 
chestnut bark are thrown on a jar of clean water con- 
taining some ammonia, beautiful streams of sky-bine 
fluorescent particles will descend ; and two substances ob- 
tained from the bark — fesculine and fraxine, fluoresce beau- 
tifully, the first blue and the latter green. Tincture o£ 
stramonium fluoresces strongly by violet rays, and so does 
anthracene. Perhaps the most brilliant of all is thallene, a 
substance extracted by Professor Morton from petroleum 
residues ; paper washed with this gives a splendid green 
spectrum beyond the visible violet rays, and designs painted 
with it show up brilliantly in almost invisible violet light 
obtained through a violet glass from magnesium wire. 
• Fustic in an alum solution, and camwood in castor-oil, 
also fluoresce well. 

In these substances the quicker waves produce vibrations 
lower in refrangibility, but not extraordinarily lower. Other 
than the blue and violet rays, however, can excite fluores- 
cence; and Lommel considers that in some cases rays are pro- 
duced of higher refrangibility. This has been disputed, but 
as regards the mere fact it seems beyond question. Make a 
solution of green leaves (nettie-leaves are very good), fresh, 
in benzol, ether, or alcohol, by macerating them for a few 
hours. The solution is a fine clear green, but it fluoresces 
brightly a splendid blood-red in all the rays except the 
very extreme red. If we interpose a cell in front of a slit 
so as to throw on the screen the " absorption spectrum " of 
the chlorophyll (Plate II. G), we can trace still more plainly the 
reciprocity of absorption and fluorescent radiation than with 
the quinine, since for every dark absorption band there is 
a proportionately brighter fluorescence in those particular 
A pretty experiment is to half-fill a test-tube with the 
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acidulated solution of sulphate of quinine, and fill up the 
other half with chlorophyll in ether or benzol. The bottom 
half is absolutely clear by transmitted light, and a beautiful 
blue by reflected light ; the other green by transmitted 
light, and red by reflected lighL 

But though nearly all the rays up to extreme red excite 
fluorescence in chlorophyll, the resulting fluorescence is 
also red ; and there is no proof of any rise in refrangibility. 
A solution in alcohol of the beautiful aniline dye called 
naphthalin red, however, while its beautiful orange-yellow 
fluorescence is most powerfully excited by the yellow rays 
about the d line (where also is, as usual, the darkest band in 
its absorption spectrum), responds less powerfully to almost 
all the rays except the red, beginning with the distinctly 
reddish orange. One of the best solutions, however, is a 
few drops of the alcoholic solurion of eosin in water.' This 
beautiful red solution fluoresces a splendid green in nearly 
all the rays of the spectrum, showing brilliantly even by a 
gas-light, and therefore with any lantern. Here, there- 
fore, we have a distinct case of the incident light producing 
quicker waves. Fluorescein, an allied substance, but which 
dissolves best in ammoniated water,- is of a reddish yellow, 
and fluoresces a brilliant green ; there are few more striking 
experiments than to throw the lantern beam on a jar of 
slightly ammoniated water, and scatter on the surface as 
much fluorescein as will lie on the point of a penknife. 
The jar must be placed so as to reflect the light to the 
audience, as well as to transmit it to the screen. The latter 
will show yellowish descending stripes, while the jar itself 
shows brilliant green forms like delicate sea-weeds. 

' Lyon's, Judd's, or Hyde's rtd ink is made with eosin, and a few 
drops in water show [his beautiful phenomenon uell, Lyon's being the 
belt. The flnorescenl thermometers lately introduced are made with 
an alcobolic solution uf eosin. 
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A simple experiment described by Professor StoVes, 
though only adapted for private performance, is very 
suggestive. Darken a chamber or box, except a small 
window of dark blue glass, such as transmits through a 
window, when analysed by a prism, only the violet, blue, 
extreme red, and perhaps a little green, but the less green 
the better. In the fullest light of this blue window lay a 
white plate or tile ; of course, on laying over this a slit cut 
in blackened metal or card, we see the same spectrum, 
only fainter. But now again we lay on the white a bit of 
bright scarlet flannel or cloth, so that through half the slit 
we see the white plate, and through the other half the scaclel, 
and can thus compare the spectra on again looking through 
the prism. We naturally expect the blue and violet part ol 
the cloth spectrum to be nearly black, as it is, in the violet 
light ; but what the student probably does not expect, but 
what we shall find with many samples of scarlet, is to see 
the spectrum of the cloth lengthened towards the red end, and 
altogether more brilliant in the red portions than that of the 
white plate. 

91. Caloresccnce. — Still further, as Professor Tyndall 1 
has shown, we can stop oif all but the slowest waves — all || 
hut the invisible heat-rays — by passing the electric beam .i 
through a cell filled with iodine dissolved in bisulphide of I 
carbon. If now a large quantity of these invisible or slowest 
waves be condensed upon platinum foil, or other suitable J 
substances, they will produce either a red, or even a white l| 
heat, thus causing the substance to give out a!so the quicker | 
waves of the spectrum. Here agajn is a rise, or exaltation | 
of refrangibiUty, or the conversion of slow vibrations into J 
quicker ones. This phenomenon Professor Tyndall has called | 
Caloreseenee. It is the reverse of what occurs when absorbed J 
light produces heat 

Thus we have found all our expectations exactly fulfilled. 
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As a rule, the quickest waves are most noticeable in their 
effects, and, as a rule, the extra-violet and violet waves are 
converted into slower waves, the extra-violet becoming 
violet, or blue, or green, and the violet a brighter blue, and 
BO on. And yet we have a few examples of the reverse in 
chlorophyll and naphthalin red and a few other substances. 
And yet, again, we have in phosphorescent substances ex- 
amples of ma Iter- molecules set in vibration by the ether-atoms 
so vigorously that they give out light for a considerable time. 
The probability is that all or nearly all substances fluoresce, 
but that in most cases the vibrations are too feeble to excite 
in our eyes visual effects. 

92. Relation of Fluorescence to Phosphores- 
cence.— It needsonemoresteplomake the analogy complete. 
Phosphorescence, as shown by Balmain's paint, ought to be 
clearly connected with fluorescence. This step was always felt 
to be necessary by Becquerel, and it was he who surmounted 
it. To ordinary observation, the effects of fluorescence 
seem to cease immediately the exciting light is withdrawn, 
while phosphorescence lasts perhaps for hours, Becquerel, 
however, constructed a " Phosphoroscope," by which the 
illuminated fluorescent substances could be rapidly removed 
from the light, and he thus found they retained luminosity 
for a calculable time. His instrument is rather complicated ; 
but Professor Tyndall, whose fertility as an experimenier is 
well known, in a recent lecture at the Royal Institution, 
used an apparatus much simpler and more elegant. A square 
iron lantern, a (shown in plan in Fig. 90), had on one side 
a slit B, through which alone the light could pass. Professor 
Tyndall, of course, used the electric arc ; but magnesium 
will do nearly as well — anyway, we represent the light 
Outside the slit, which is perpendicular and nearly the depth 
of the lantern, is mounted on a per])endicular axis, the 
cylinder, d, driven by a grooved pulley and cords, £ E, from 
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a double system of multiplying wheels, so as to give swift 
rotation. This cylinder is painted with uranium or canary- 
glass, powdered, and the powder mixed as paint with somje 
transparent vehicle. Turning the slit and cylinder towards 
the observer, it will be obvious that if there were no duration 
of luminosity, or true "phosphorescence," in the case of 
the fluorescent cylinder, it must appear dark ; but on im- 
parting rotation, it shines brilliantly with the characteristic 
green light. Thus, then, fluorescence is linked on to 










phosphorescence ; and though all fluorescent substances will 
not show this with our present experimental means, there 
can be little doubt that it is only a question of degree and 
of powers of observation. 

Once again, therefore, Light has revealed to us the minute, 

visible motions which its own ether-vibrations communicate 

the molecules of bodies. Where we may have thought 

411 was still, it shows us molecules in constant and rapid 

motion. Where we seem to have lost that motion, further 



reflection and experiment yield us but another and im- 
pressive proof of the great law of the Conservation of Energy. 
We see that no motion is destroyed ; but that every single 
rriovemenl does its work, and is converted into some other 
form. We thus get a very vivid idea of the intense reality 
of these motions, which seem hypothetical only because they 
elude the direct examination of our senses. That sense of 
their reality and definiteness will help us to understand the 
beautiful and new field of experiment, embracing the most 
splendid phenomena of physical optics, which we now have 
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CHAPTER IX. 

INTERFERENCE. 

Net Result of Two Different Forces — Liquid and Tidal Waves — Why 
Single Interferences are not Traceable in Light — Interference of 
Sound Waves — Thin Films of Turpentine, Transparent Oxide, 
Soap, Water, and Air — Colour Dependent on Thickness of the 
Film — Proved to be Dependent also on Reflection from both 
Surfaces — Spectrum Analysis of Films — Soap Films and Sound 
Vibrations — Fresnel's Mirrors — Fresnel*s Prism — Irregular Refrac- 
tion — Diffraction — Gratings — Telescopic Effects — Other Simple Ex- 
periments in Diffractioh — Striated Surfaces — Barton's Buttons- 
Nature of Interference Colours — Measurement of Waves — ^The Size 
of Molecules of Matter. 

93. Net Result of Two Different Forces or 
Motions. — We have now to study a class of experiments 
which most of all clearlv demonstrate the true wave character 
of the phenomena which constitute Light. We know that dif- 
ferent separate motions can act upon one another, so as either 
to combine and strengthen, or to neutralize and destroy each 
other, simply because the actual motion of any particle 
must result from the net sum, difference, or other result of 
the forces which act upon it. Take a billiard ball travellmg 
in a direction and at a rate resulting from some stroke of 
the cue ; if we impart another impulse in the same direction 
the velocity will be increased; while if the ball be met 
by a second force of the same amount it is brought to a 
standstill. 
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94, Interference of Liquid Waves. — The same must 
result-in the case of any series of vibrations of equal ampli- 
tudes and periods, such as consfitute a wave. If we drop two 
stones at some distance apart into the same pond, the circular 




waves from one will cross those from the other. At some 
points the,cresls will coincide, and reinforce each other ; at 
others the same particle of water is elevated by one wave 
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and depressed by the other ; there it is at rest. The conse- 
quence is a beautiful pattern caused by the intersecting 
ripples. Fig. 91 shows such a pattern caused in an elliptical 
bath of mercury by a drop or point introduced at one of the 
foci. They can be beautifully shown by the vertical 
attachment (§ 10) to the lantern, laying over the condenser 
a glass plate to which is cemented a circular tin wall, making 
a circular tank some 6 inches in diameter and an inch deep, 
with a glass bottom. On focusing the surface, and then 
touching it with a pointed wire some distance from the 
centre, the intersections of the original and reflected waves 
will be beautifully depicted upon the screen. 

95. Interference of Tidal Waves. — The same thing is 
true of tidal waves, a remarkable example of which is found in 
the channel between England and Ireland. The flood-tide, 
sweeping round from the Atlantic to the north and south of 
Ireland, meets about a line which usually passes just 
across the south of the Isle of Man. There the two currents 
destroy one another, and there is practically none, while the 
rise and fall of the tide is greatest. But going back from 
this point to north and south, there are also two points, 
near Portrush, in Antrim, at the north of the Irish Channel, 
and near Courtown, in Wexford, at the south, where the 
falling tide meets the next rising tide ; at these points, there- 
fore, there is practically no rise pr fall of tide whatever, while 
the current is at the maximum. The same is true of the 
vast tidal waves that sweep round the globe. At certain 
times the sun-wave agrees with the moon-wave, and then we 
have the greatest tidal motion ; at others the sun's wave 
opposes the moon's wave, and we have the least motion. 

96. Single Interferences not Traceable in Light 
and Sound. — But here we must make a very important dis- 
tinction, the want of which has caused many a student diffi- 
culty. In the foregoing cases we could trace the interferences 
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ingle waves, because their motions were large lo us, occu- 
pied considerable time, and thus enabled us to trace them — 
most clearly in the grand tidal waves, which are longest of 
all The student is at first apt to fancy that, in a similar 
' way, rays from any two points of light must be constantly 
destroying one another by interference, much as in Fig. 92, 
supposed to represent the rays from two lighthouses. And 
to some extent they undoubtedly do so. But they can only 
thus act on each other at the detached /ww/j where the 
iindulalions cross ; and in the case of light and sound the 
(ibrations are so enormously rapid and numerous that 




comparatively few extinctions of this kind are not sensibly 

missed. 
But if we can bring a whole wave series to act upon another 

ttacily similar whole wave series, then any effect at one point 

in any wave of the series is repeated throughout the series, 
and the effect becomes visible. In the case of sound we 
can get similar wave series pretty easily by employing exact 
unisons ; and so it will be found, if a tuning-fork be struck 
»nd held close to the ear, that on turning it round on the 
Stem there is a position in which the sound is nearly or 
j^uite extinguished. This position differs, as it should do, 
with the key of the fork, but with either an A or a C fork 
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is when the two prongs are at an angle of nearly 45" with the 
direction of the ear. If the fork is steadily rotated, the sound 
will be alternately extinguished and reinforced, according to 
the phases in which the waves from each prong encounter 
one another. 

A moment's reflection shows us that in the case of light, 
as a rule, we can only get the exact similarity necessary 
by employing two beams of light from tlie same original 
point of emission, or very nearly so ; but if we can bring 
two such exactly similar series of waves again together, or 
so dose together that the ether-atoms set in motion by each 
can act upon each other, while the paths of the rays are 
sufficiently parallel for many successive undulations to come 
into the same relations, then we ought to get effects which 
shall be visible to us. There are several methods of effecting 
this object. 

97. Colours of Thin Films, — ^The simplest and one of 
the most striking is reflection from a " thin film." If a pencil ' 
of light A strikes any thin transparent film at B, we know 
that a large part is reflected at a similar angle to c. But 
the rest is refracted to d, where (unless at the angle of total 
reflection) a portion passes through and is lost to us, while 
another portion is reflected to E and thence refracted to f. 
It is evident the ray e f must be precisely similar to the 
ray b c in the periods of its waves, and also precisely parallel 
to it ; and, if the film be thin enough, it should also be near 
enough to it to cause interference. As to the phenomena 
we ought to expect, remembering that every colour has its 
own wave-Iengt!i, and reverting to the wave-slide shown in 
Fig. 71, we see there how the retardation of (he central 
section of that slide by a given distance brings the long 
waves into contrary phases, while the short waves of half 
the length, at the same time, exactly coincide. A very h'ttle 
thought shows that with waves of all various lengths, only 
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^an be exactly coincident and only one exaeily 
contrary In phase, when one set is retarded a given distance ; 
all others being affected one way or the other in varying 
degrees. Applying this to colours, and remembering what 
we have found already as to the effect of suppressing any 
part of the spectrum, we therefore expect that colour will 
be produced. Now in Fig. 93 this is what we have. The 
ray e f has had to traverse the film twice, from b to d and 
from D to E, before it can start on its journey jjarallel 
with B c. It has got by that distance behind b c, and as 
this retardation affects each colour differently, and more or 
less suppresses some colours while it more or less strengthens 
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are prepared to expect colour if the film is thin 
enough to allow the two to act upon each other at all. 
We can subject the matter to experiment in many ways, all 
of which give phenomena of great beauty. 

Take a small black tray or hand-waiter w, say 8 by 12 
inches, lay it on the table, or on a block to raise it if need- 
ful, and fill it half an inch or so deep with water. If it is a 
lime-light, cant up the back of the lantern, as in Fig, 94, so 
that the parallel (or rather slightly divergent) beam from the 
flange-nozzle with the objective removed may fall on the 
water at w, and be refiected to the screen s. If it is a gas- 
burner, the reflector must be used to bring the beam down; 
uid in some situations it will be best Xo focus the surface on 
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the ceiling, as in some previous experiments; but<j 
lime-light the plain beam is best. Having adjusted i 
the end of a pen-holder or any pointed rod into a bdtCK 
spirits of turpentine, and let a single drop fall on the v 




It sjireads out instantly, and the reflected light onM 
ceiling or screen is tinged with the most beautiful cobua, ^ 

Support a polished steel plate 3 or 4 inches square onJi 
small tripod, and place u spirit-lamp or Bunsen flame undK-f 
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neath the centre (Fig. 95). Bring down the light from tl 
lantern, and focus, as in Fig. 26, then light the lamp. As% 
the film of transparent oxide forms on the steel, colour 1 
appears, which gradually takes the rough shape of variously 1 
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coloured rings, though not very regular. This experiment 
is a little tedious ; but it is a very interesting one. After 
the lantern and plate are first adjusted, some other experi- 
ment may be proceeded with while the heat operates ; or 
oxidation may be hastened by covering the hot plate with 
a film of solid paraffin, which will' easily spread and greatly 
hasten tlie process, 

98, Soap Films.^Soap films, however, offer the most 
splendid phenomena. A good solution is of great importance, 
and there are many recipes, the most generally known being 
Plateau's. For this dissolve 1 ounce oleate of soda {dii. per 
ounce), cut into thin slices, in two pints (40 ounces) distilled 
water, rather hot. Mix the solution with 30 fluid ounces of 
pure glycerine, and shake violently for several minutes, 
several times, with some hours interval between ; then leave 
for several days before use, as the solution "tempers" 
logether for a certain time, and filter clear. This recipe 
does well for warm weather ; but it is not the best that can 
be made even for that, while it often fails in cold weather ; 
in fact no stated recipe can be given for the English climate, 
The method I adopt is to make at least the quantity named, 
as above, and having made it pretty warm, add to it about 
half an ounce of shavings of Marseilles or Castile soap, 
which will all dissolve in the hot solution. Warm this at 
convenient intervals on the hob, or otherwise, for several 
days, shaking it and leaving it to settle between. Finally, 
let it thoroughly cool, and then filter it at about 50° through 
Swedish paper into stoppered bottles, which will filter out 
all precipitate and make it clear. If, however, the weather 
lums very cold, or after considerable time, it may become 
again turbid and useless, and it is necessary either to filter 
out the precipitate, or (what does as well in the former case) 
lo warm the solution before use, warming also the saucer and 
Other apparatus. The ralionale of all this is, that a cold 
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solution does not keep dissolved nearly so much soap or 
oleate as at a moderate temperature. The addition of the 
soap toughens the film more than I find possible with pure 
oleate. So also will a very little gelatine ; but this latter is 
apt to decompose after a while. After all, however, the first 
solution thus made may,*very likely, not be thoroughly satis- 
factory. I then provide a number of such paraffined rings as 
are described presently, take small quantities of the above 
" stock," and add to them separately (making memoranda) 
different quantities of soap solution, or glycerine, or water, 
well shaking and leaving them some hours to " temper " ; 
then stretch a film of each on the rings, the ends of which are 
stuck into horizontal bradawl-holes in a long slip of wood. 
Notice is then taken, comparing several trials, which lasts 
the longest ; and when that is ascertained, the whole solu- 
tion is made up to that standard. By this tentative method 
far tougher solutions may be got than by any recipe that can 
be given for a variable climate,* and with the varying 

^ A few other recipes may, nevertheless, interest the reader. Pro- 
fessor Dewar gives : Water 20 ozs., soap i^ oz., glycerine 15 ozs.; but I 
cannot get anything to carry so much soap as this, if the soap is at all 
good. Professor Mayer, of New York, gives : Castile soap-shavings 
I oz., water J pint (10 ozs.), glycerine ^ pint. Tliis also I cannot dis- 
solve in the water ; but taking the effective part of it and mixing a 
saturated solution of Castile or palm-oil soap with half its bulk of 
glycerine, gives a very simple formula, which will do fair work in all 
but coldish weather. A solution used by Professor Tyndall is made by 
taking a 3 per cent, solution of oleate oi potash (ue.'l oz.. oleate to 
33 J ozs. water), and mixing 3 volumes of this with 24 volumes glycerine. 
I have quite satisfied myself that, taking oleates and soaps as obtain- 
able, no formula will give such good results as the tentative method 
above ; though I doubt if Plateau's can be much surpassed for a tem- 
perature of 70° with pure oleate and Price's best glycerine. For a 
sudden emergency a simple solution of any good glycerine soap will 
often answer moderately well. It is always to be remembered that the 
greatest quantity of soap which can be dissolved by no means gives the 
oest result. 



qualities of soap, glycerine, and even oieate. It is perfectly 
easy to place on the ring-stands shortly described, bubbles 
nearly a foot in diameter ; and I have several times blown in 
the usual way globes half a yard in diameter ; but even a 
twelve-inch is a magnificent object. A solution must always 
be brilliantly (^/.frtT to do good work, and if turbid, should 
be filtered through Swedish paper before any important 
experiments. The saucer used must also be perfectly clean. 
Make a few rings' of i-r6 inch iron wire, like a {Fig, 96), 
aj inches diameter, and a few rather larger, say 3 inches ; 



the latter stick 




Solder the joints, 



afterwards smoothing them off, and then dip the rings into 
melted paraffin, or warm them and smear with it, which 
keeps them from cutting the films. Arrange several of the 
B stands in a row, first dipping their paraffined rings in 
■a saucer of solution and wetting them thoroughly with it : 
then we can with a little practice blow large bubbles and 
place on the stands. Through the whole row throw the 
full lantern beam, which gives a fine effect. Or a large 
bubble may be blown on the saucer itself, first carefully 
soaping it to the very rim ; if this is placed in front of the 
lantern and the nozzle canted down towards it, fine reflections 
u. 2 
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may be cast on the screen. We must avoid carefully all 
froth in the saucer, keeping as free as possible from all 
bubbles but the one we are blowing. A clean common 
tobacco-pipe may be used, but is very tedious ; the brass 
ones sold by opticians are little better, and very nasty to 
use ; by far the best instrument is one of the smallest 
glass funnels (an inch across), sold for filtering small 
quantities of fluid, on which is sprung half a yard of the 
smallest india-rubber tubing. 

But the finest experiment is with a flat film. Pinch one 
of the A rings (Fig. 96) as at c, in the clip, the ring standing 
above its stem,^ and adjust so that the plane of the ring is 
perpendicular, and stands the same height as the lantern 
nozzle. Turn off the lantern l (Fig. 97), parallel with the 
screen, then dip the ring in the saucer of solution, lift a film, 
and place it, as at a, at an angle of 45®, with the whole 
light concentrated on it, which will be reflected to the screen. 
Turn the clip-stand till the reflected light is central on the 
screen, and then adjust the loose focusing lens f to form an 
image. A glorious image it is, as band after band of inter- 
ference colours travels up the oval image of the wire (the 
bands really move down the film as it becomes thinner, but 
the image is of course inverted), while every motion of the 
film from the least breath of air is pictured plainly (Plate 
III. C). Simple as it is, there is no more beautiful experiment 
than this, and the film with a good solution will last for 
an hour. 

Any surface (not too convex) of iridescent glass (which 
has a film on the surface whose refractive power has been 
altered by a chemical process) may be focused in the same 
way as the soap-film. 

^ The film almost always lasts much longer than if the stem is upper- 
roost, owing to the thinnest portion being dependent from the smooth 
and unbroken circular wire* 
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Another beautiful experiment is with a film of water. 
Blacken a piece of glass on the back, rub a piece 
of soap over the surface, and clean off with a chamois 
leather. Pinch this in the clip, adjust it like the soap- 
film at 45", and focus ; but keep it cool by interposing 
one of the glass cells filled with alum solution, or the 
experiment will fail, as it depends on condensation of the 
breath by the cold surface. Then blow on the centre 
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Ih an india-nibber tube of ^-inch bore. As the breath 
. ..ises roughly circular coloured rings will form, and 
gradually change as the moisture evaporates. 

Next we may lake a film of air. Buy two squares of 
//life-glass, say 3 inches square, and grind ofi' the sharp 
edges to prevent scratching. Carefully clean them, and 
1 then carefully slide or grind them with moderate pressure 
amoothly together. We very soon see beautiful fringes of 
gorgeous colour, WTien satisfactory, pinch one lowercorner 
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of the double plate in the clip, and the three others nith 
loose wooden spring letter-clips. Focus as before : all will 
be reproduced on the screen, and as we further pinch any- 
where, even with the finger and thumb, changes and move~ 
ments of the colours will demonstrate that the particular 
colour wholly depends on the thickness of the film. 




99. Thickness of the Film. — Newton's Rings.— 

We want to know, if possible, however, what that thickness is, 
and the last experiment probably suggested to Newton his 
famous "rings." He placed a convex lens of very slight 
convexity in contact with a flat glass, as in Fig. 98, against 
which it was pressed by screws. A simpler method sometimes 
employed is to cut two circular fiat glasses {they must be a 
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J-inch thick, or, at least, one must be so), and having care- 
fully cleaned them, place a ring of gold-leaf between them 
at their circumference. Mounted as in Fig. 99, pressure 
from the centre screw at the back produces, as in llie other 
;, "Newton's rings," which, in either case, are presented 
■ to the lantern and focused on the screen precisely in the 



manner of the soap-film (Fig. 97). This method is within 
the power of many who Uke to construct their own 
apparatus. 

It is clear that, knowing either the curve of the lens, or 
^the thickness of the goliJ-ieaf, it is very easy to calculate 

I 
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the thickness of the film of air at any given distance from 
the centre. Newton found that when he employed pure mono- i 
chromatic light, he obtained recurring rings of coloured light, 
or of darkness, as in a. b, c, d, E, f, Fig. 100, at once, twice, 
thrice, and other multiples of one definite small thickness. 
He soon discovered anollier beautiful fact, viz., that the rings I 
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were broader, or required a thicker film, in red light than 
in blue light ; and finally, by a movable prism, he threw 
the successive colours of the spectrum on the rings, and 
found them gradually contract as he travelled towards the 
violet end. With most lanterns there is hardly light enough 
to employ this beautiful method ; but the phenomena may 
be shown as follows : — Arrange the Newton's rings, and 
focus on the screen as before. Provide one of the movable 
sUde-frames now used by all lantern lecturers, and fit in it 
two half-size glasses, one blue and one red. Condense the 
full light on the rings ; and as close to them as possible, 
between them and the nozzle, hold the slide ; as it is moved 
from side to side, the rings will open or contract as the red 
or blue glass is interposed, and when they equally cover the 
rings, the two semi -circular segments will be seen not to 
coincide, the red being larger in diameter than the blue. It 
is easy to understand, therefore, why, if we employ white 
light, we must obtain rainbow-coloured circles. 

ICO. Test of the Emission Theory. — Having to ac- 
count for these phenomena, and adopting for practical pur- 
poses the Emission Theory (§ 58) as his working hypothesis,* 
Newton accounted for his bright and dark rings recurring at 
every multiple of a given thickness of the transparent film, 
by supposing that the " particles " of Hght suffer alternate 
" fits " of transmission or reflection, at regularly recurring 
intervals or distances. Professor Tyndall supposes that he 
imagined a rotation during their progressive motion, and 
this is not improbable ; but it is only a supposition. If, 
then, light reaches the first surface of the film in a fit of 
transmission, it enters it and travels to the second surface ; 
and if the thickness is such that it is in the same fit or phase 

^ There is ample evidence in his Optics that Newton was very strongly 
attracted towards the Undulatory Theory, but did not feel justified in 
adopting it, owing to difficulties he was unable to solve. 
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when arrived at the second surface, it is again transmitted, 
and so is lost to view by reflected light. There is at that 
point, therefore, a dark ring ; and obviously at every mul- 
tiple of that thickness another dark ring. If, on the con- 
trary, the particle is in the opposite or reflecting fit when it 
reaches the second surface, it is reflected and forms a bright 
ring. 

It will be plain how, on either hypothesis, the " particles " 
or " waves " of red light are larger than those of blue. 

We can easily, however, test the two theories. Obviously 
all the light that has anything to do with the rings, accord- 
ing to the Emission Theory, enters the first surface ; and 
the "fit" in which it reaches the second has alone anything 
to do with them. On our wave hypothesis, it is the inter- 
ference of waves reflected from bo/lt surfaces that causes 
them. We have not come to Polarisation yet; but it may ■ 
be briefly stated that polarised light utterly refuses to be 
reflected from glass at a certain ahgje ; and this polarised 
light we readily obtain by fitting a " Nicol prism " on to the 
nozzle of our optical objective. ' All our light is then polar- 
ised; and when the long diameter is vertical and the Newton 
lenses are adjusted at an angle of 55° to 56" with the beam 
from the lantern, none of it will be reflected from the 
top glass, or in other words, from the first surface of the film. 
And when two plain glasses are used, none would be re- 
flected from the second surface either. But metal is subject 
to quite other laws, and does reflect light copiously under such 
circumstances ; therefore, by substituting for the bottom 
glass one which has been silvered or platinised, we can still 
get reflection from the second surface of the film of air. 
On Newton's theory, we ought therefore still to get the rings. 
But we do not. There is light on the screen, but the rings 
' For details and eiplanations on these points see Chaps. X. and XI. 
Only sufficient is stated here for (he purposes of this experiment. 
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have vanished, in the proper position of the Nicol ; to be 
restored again when this is so turned round as to restore 
reflection from the first surface also. 

Further yet ; if we next adjust the lenses so as to meet 
the light at a still greater angle (from the normal) than that 
of polarisation, and ihws partially restore reflection from the 
first surface, on rotating the Nicol we get a complicated and 
beautiful phenomenon, first discovered by Arago ; viz., in 
one position the rings are of certain colours, and when the 
Nicol is rotated 90° they show complementary colours. 
Detailed explanation of this is here impossible ; but it can 
be understood how we thus prove absolutely that the rings 
are due to the mutual actions of the rays of light reflected 
from both surfaces of the film. We may prove this in yet 
another way, by substituting for the glass and metal surface, 
two glasses of widely different refractive powers, whose 
polarising angles are therefore also different (§ 120). We 
can then adjust the beam of light to either, and in either 
case, or by destroying reflection from either surface of the 
film, we destroy the rings. This last method of demonstra- 
tion is, however, only suitable for private experiment. 

loi. Spectrum Analysis of the Rings. — We further 
beautifully illustrate the matter by bringing to bear our never- 
failing method of spectrum analysis. Cover the pair of 
Newton's lenses with a disc of black paper or card, having 
in it a slit, say, ^^ of an inch wide, and reaching all across, 
exactly over the centre ; the slit then crosses all the bands at 
right angles, and the appearance, or image on the screen 
when focused there, is like one of the bands in Fig. loi. The 
whole arrangements are shown in plan in Fig. 102. The 
lantern must be turned considerably away from the screen, 
so that the reflected beam may have a small angle- of inci- 
dence ; or else, as the glasses are so thick, the light from the 
film will not be able to emerge from the narrow slit by which 
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itera, and there will be only an image of a white sht as re- 
ed from the upper surface of the top glass,and none of the 
ions of rings, which is what we want. The black disc is 
ed on the face of the lenses, l, with the slit perpendicular, 




the reflected slit is focused by the loose lens, f, at about 
screen distance, but must be considerably divergent from 
screen to allow (or refraction by the prism, p, which gives 
ipectrum on the screen, s. The lenses are drawn much 
n: in proportion for the sake of clearness. 



^ 
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ow we know that if we use red light we get transverse 
b of red and black ; and that blue light gives us narrower 
Is, and closer together, of blue and black, ns shown at 
id B, Fig. loi. If, then, we pass the image of the 
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slice of rings from white light through a prism, and throw 
its spectrum on the screen, it is easy to see what we may 
expect if the theory be correct. Dr. Young saw it long 
ago, and in his ** Lectures "he has drawn what he foresaw 
clearly with the eyes of his mind, though there is no 
actual record that he observed it in fact, as we are about to 
do. Obviously we must get a spectrum of the reflected slit 
or slice of light. And seeing that red light gives us bands 
of a certain width, as at r in Fig. loi, while blue light gives 
us narrower bands as at B, by drawing the imaginary lines 
as dotted, we can see what must occur when all the colours 
are dispersed into their several places in the spectrum. We 
must get, unless all our theory is wrong, the beautiful 
appearances shown in B, Plate IIL ; the spectrum of the slit 
being crossed by parabolic dark lines which will show exactly 
the waves cut out by interference at every thickness of the 
film. Such a spectrum was foreseen by Dr. Young, and 
drawn, from theory alone ; and such a spectrum with its 
parabolic interference bands, stands before us on our 
screen.^ 

The flat soap film may be analysed in precisely the same 
way, but is done with less trouble, there being no thick 
glasses to interfere with the effect. It is sufficient to arrange 
for a parallel beam, and place the cardboard or adjustable 
brass slit on the nozzle, as for previous spectrum-work. 
The slice of light from the nozzle will then sufficiently 
mark the image whose spectrum is desired, and may im- 
pinge at any convenient angle. When all is adjusted, take 
up a fresh film ; and as it thins, the dark interference bands, 
showing the waves destroyed by interference, will travel 
across the spectrum steadily as long as any colour is 
shown. 

^ To the best of my belief this beautiful experiment was first 
publicly made with the lantern by Professor Tyndall. 
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"Hie appearances of Ihe film and its spectrum are shown 
at C, D, Plate III. 

The student can observe these phenomena direcfjy through 
any form of prism ; and nearly all the phenomena described 
in this chapter can also be seen privately, without any lantern 
or other expensive apparatus whatever. 

Towards the edges of a pair of Newton's lenses the rings 
of colour seen in while hght disappear; and some people 
realise with difficulty why this is so, when films reach a 
certain thickness. There are two reasons. One is very 
much the same as the reason why we could not get a pure 
spectrum from a wide slit. {§ 50.) Interferences are pro- 
duced, up to a certain point ; but so many very narrow 
rings or fringes are mingled, so close upon one another, 
that the visual effect is white. Homogeneous light will 
show rings in much thicker films, and is one proof that this 
is so. Spectrum analysis of a film not so thin is another. 
With care a film of mica can be split so thin that, while it 
appears to reflect perfect white light, if a slit of this light 
beanaiysed, by blacking the mica all but a narrow stripe, 
and then treating this stripe of reflected light like the slice 
of light from Newton's lenses, the spectrum will be seen 
crossed by numerous straight interference bands. Such a 
spectrum from a film of mica is shown at E, Plate HI. But 
when the film reaches a still greater thickness, it will also be 
seen on consideration that the two reflected rays into which 
each original ray is divided, are so far separated by refraction 
that they are no longer close enough to interfere with each 
other at all. 

Mica films may be employed in yet another way. 
Project a spectrum from a slit as usual, and across the 
path of the rays hold the film obliquely. A portion of 
the rays are then transmitted direct, while a portion are 
reflected within the film and then transmitted, after losiiig a 
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certain distance as before. Again the spectrum will be 
crossed by beautiful interference bands, though hardly so 
distinct as by the preceding method. 

It is very clear that the thicknesses at which the light 
and dark rings occur, must give us definite information as 
to the 7vave-lengths of the different colours of light. This 
point will, however, be better explained in connection with 
other cases of interference (§ no). 

I02. Thin Films and Sound Vibrations. — The most 
magnificent illustration of the colours of thin films, and the 
most elegant application of them in physics, must now be 
described. They are due to the researches of Mr. Sedley 
Taylor, and relate to the vibrations of telephone plates. 
It is well known that, by the variable attraction of a magnet 
under the influence of variable currents, and vibrations thus 
caused in a thin sheet of iron, the most complex sounds of 
the human voice, or other instruments, are reproduced by 
another sheet of iron at the other end of a telegraph wire ; 
but it is very difficult to realise how complicated speech can 
be reproduced by such simple means. By stretching a soap 
film over an aperture in a plate laid over a resonator, and 
exciting the vibrations of the air contained in the latter, Mr. 
Taylor obtained most beautiful figures which elucidate the 
matter, by showing how complicated these vibrations are. 
Later on Mr. Tiisley constructed the phoneidoscope^ which, 
when sung into through an open mouthpiece on the end of 
a tube, shows the same phenomena in a film laid horizon- 
tally over the other end of the tube. The scale of this 
instrument is, however, far too small for lantern work, and it 
is very difficult to avoid constant bursting of the film. 
After many trials the following apparatus was constructed, 
which meets both defects, and easily gives magnificent phe- 
nomena. Its main parts are shown in Fig. 103. a is any 
vessel open at both ends, 2 to 3 inches across at the top, 
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and with a neck at the bottom just lai^e enough for an ioch 
vulcanised india-rubber tube to stretch a little tightly over it. 
The article actually used was what is called a " gas-jar " (cost 
iorf.)i l*it this is deeper than necessarj-, and a piece of a 
common bottle, cut round the body and neck, and ground 
flat each end, would do just as well, or a tin fannel with an 
elbow at the bottom and a flat ring soldered flush round 
the lop would answer admirably, b is a brass or any other 
eibow, of the same aperture as the neck, to which it is 
united by a collar, c, of the india-rubber tube stretched over 

jecting through a hole cut in the top. Over the other end 
of the elbow is stretched any convenient length of the iiidia- 
nibber tubing ; and it is more imposing if to this is attached 
a sufficient length of " composition " or other pipe, to reach 
the entire length of the lecture-hall, or other room. The 
other end of the elastic tube is stretched over the neck of 
a kind of telephone mouthpiece, m. In my first experi- 
ments, I used a simple open mouthpiece, like that of 
I any speaking-tube, over which was stretched tightly a film 
of india-rubber (in this case a child's balloon), tied as 
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housekeepers -tie the bladder over a jam-pot. On this was 
inverted and held by hand a similar mouthpiece, to the 
narrow end of which the lips were applied. This answered 
sufficiently well ; but I prefer a regular mouthpiece as 
shown, with a diaphragm of thin mica, f, 2^ inches ckar 
diameter, which can vibrate between the two funnels, and an 
outward opening for the lips. Either, however, will answer. 
All this being put together, some discs must be prepared, 
of metal or very thick card, 3^ inches or 4 inches diameter, 
with openings in the centre of different shapes; the best 
effects are from circular, square, and hexagonal apertures, 
which should be about ij inches or 2 inches diameter. 
The apertures should be bevelled towards one side of the 
plate (this is done because the film will, by its contractile 
power, draw flat to the smallest side of the aperture), and if 
of metal, the discs must be carefully flattened \ if of card, 
well varnished to resist the moisture. Finally, they are 
blackened, and we are ready for work. The apparatus is 
first adjusted, so that one of the discs laid across the top 
of the vessel a lies nearly level, and then lantern and all 
are arranged so that the aperture is truly focused on the 
ceiling, or other nearly horizontal screen overhead' (a slight 
incline both focuses and shows best), precisely as the glass 
of water is focused in Fig. 26. Then we dip the end of a strip 
of card, rather wider than the apertures, in a saucer of soap 
solution, and drawing it carefully over the smallest side of an 
aperture, readily cover it with a film. (Use no more solution 
than necessary.) Several discs may be covered at once to 
avoid delays. Hold the disc at an incline, or upright, till 
interference colours begin to show ; then lay it centrally on 
the vessel, a, with the soap doivmvards, so that a dead black 
margin surrounds the film. Of course, if all is right, we have 
an image of the film on the top screen. If not, be sure all 
is focused properly, and that all light possible is condensed 



upoD the film. Then take the mouthpiece, or let some one 
else do so at the other end. of the room, and sing into it. 
Not only every note, but every different vocal sound on t/ie 
same note will be represented in different, complicated, and 
most beautiful kaleidoscopic patterns, very poor ideas of a 
few of which are shown in Fig. 104. At first we may get 
only shadowed figures, but with a little practice we soon get 
' L'xquisite colour figures, with sjTnmelrically-arranged whirling 
vortices as well ; and if we sing a song, every change of note 

L^ 

^^^ire. The sounds of instruments may be shown in the 
same way if sufficiently strong vibrations can be thrown into 
the mouthpiece ; but the voice alone is amply sufficient. 

This is one of the most magnificent optical experiments 
possible, and easily shown, liy employing a mouthpiece 
with a vibrating plate or membrane, there is little risk (as 
with Tisley's form of apparatus) of bursting the film, and a 
1 tough one will sometimes last a quarter of an hour. 
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In fact, when an unusually good solution has been obtamed 
it should be reserved for these experiments with sound) 
ordinary samples being good enough for simpler phenomena. 
If the film breaks too soon, it shows either that the solution 
is not good, or that the discs have ragged edges, or are too 
dry : metal ones, which are best, hold the film more smoothly 
if heated and smeared with a thin coat of melted paraffin. 
If the mouthpiece cannot be conveniently made^ the next 
best plan to avoid rapid bursting is to stretch the film on a 
ring, and adjust this about an inch clear away from the top 
of the vessel, a, so that currents of air may escape, and only 
true sound vibrations reach the film. Some solutions seem 
to do best in this way, which also avoids a slight ratde the 
mica diaphragm is apt to make ; but on the whole I have 
found such a diaphragm mouthpiece safest and best. 

103. Fresnel's Mirrors. — There are many other ways 
of producing interference between two rays of light than 
the use of thin films ; but not all of them are capable of 
employment with the lantern, owing to the amount of light 
used not being sufficient to be visible when spread over a 
screen. Fresnel, for instance, letting a cone of light from 
a luminous point fall upon two mirrors very slightly inclined 
together from the same plane, formed interference fringes. 
The arrangement is shown in Fig. 105, where a pencil of rays 
from the sun is converged by the lens to the one point 
or line of emission we have already found necessary. A 
test-tube filled with water as a cylindrical lens answers 
perfectly well, or the line of light reflected in sunlight from 
such a tube filled with mercury will also answer. The 
diverging rays beyond the focus are then received upon the 
two mirrors, m m, m n, and if the inner edges or junction 
line of these be very slightly depressed, it is manifest the 
reflected rays will somewhat cross each other, and that light 
from both will appear on a portion of a piece of card held 
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as a screen at s. On this portion will be found dark and 
light, or coloured stripes, due to the interference of the 
waves. Two pieces of the same glass blacked on the back 
and laid on a piece of cloth on a flat board, the inner edge 
of one being depressed a little by the end of any pointed 
too!, will enable the student to perform this instructive j 
experiment. If the light from the lantern be made to ' 
diverge from an extremely narrow slit, and the mirrors be 
arranged at several feet distance from it, the dark fringes 
may also be observed by the few who can gather round the 
apparatus ; but on the ordinary screen the fringes are far too 
faint to be s< 

I 

^^Bj04. Fresnel's Prism. — Fresnel also caused two beams ' 
to interfere, by interposing in the diverging cone a 
double prism of very small obliquity called an " interference 
prism," with the same result. Here, too, the light is too 
faint for a large screen when a single line or point of light Is 
employed ; but in this case, some approximation to the effect 
is possible. Prepare two or three sliders, the 4 * ^i inch 
size, of blackened glass, and through the black, cut or 
scratch, over the field, perpendicular hues (Fig. 106) of | 
uniform width and distance for each slide, but varying I 
in these characters on different glasses. (Only one is really I 
necessary, but it will be found that each screen distance 1 
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only shows good phenomena with its own gauge of bright 
i, which must be found by trial.) Place in the optiail 
stage and focus : then against the nozzle, n, hold, or fit in i 
tube which shdes on it, the double prism, p, as in Fig. 107, 
which will give two images, whereof one set of slits will, more 
or less, overlap the other. At once, if the slits are the right 
gauge for the lenses and screen distance, we get colour; 




and though a little of this at each side of llie screen may in 
some cases be due to the slight dispersion of the prisms 
added to that of the focusing lenses, it can readily be 
shown, by covering one half the pnsm, that nearly all the 
colour in the middle is not due to this cause, but to the 
interference of the two sets of waves. We may demonstrate 

— ,N P 



this further by sliding over one half of the prism a thin 
piece of clear glass. By this, one set of waves is, of course, 
somewhat retarded ; and if we watch the screen attentively, 
we can see that the stripes of colour are a little shifted in 
consequence, as we move the plate backwards and forwards.' 

• The private student niJI hav 
e has only to cut in a 




105- Irregular Refraction. — This latter phenomenon 
suggests another means of causing interference; viz., by 
irregiilar refraction, causing retardation of portions of the 
light. Such are the phenomena of what Dr. Young called 
" mixed " plates. Provide a few discs of plate glass about 
2 inches dianieler. Carefully clean two discs so that they show 
colour when pressed together, and then introduce between 
them a bit of butler or suet Che size of a large pin's head, 
and some clean sahva or a drop of water ; or ihe froth of 
white of egg well beaten up will do ; or fine soap-lather. 
Work together with a circular movement, and gradually a 
film of mixed grease and water, or albumen and air, &c., 
will spread between the plates. Now it is plain the light which 
passes through a denser molecule of this mixture is more 
retarded than that which passes through the other ; and hence 
we soon find, on looking through the film at a luminous 
point, there are beautiful hatos of colour. Or if we place in 
llie optical stage a black card in which a few small holes 
are made, on focusing the holes, covering the nozzle with 
another black card pierced with a ^-inch hole, and holding 
a little in front of this (the exact distance must be found by 
trial) the " mixed plate," the images are surrounded by 
coloured halos, the colour of course depending upon the 
thickness of the film. 

To the same cause must probably be referred the curious 
phenomena seen when an equal mixture of glycerine and 
spirits of turpentine is shaken together. What is known as 
dil&action will not account for it, since there is no approach 
to a spectrum; but it is completely accounted for by ihe 

slxteenlh of an inch in width aod distuice, and hold this at arm's 
lenglh against a bright sky or tlie opal globe of a lamp, with the slits 
perpendicular. On now hoMinglhe double prism close to Ihe eye, with 
ihc cenlre line over the pupil, he will at once see conspicuous olours. 
Snch prisms an inch square cost from 2j. &/. to 51. each. 
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unequal retardation of the light by the two media in small 
molecules, which only mix mechanically. On looking 
through the mixture at any illuminated objects, they will be 
seen fringed with colour, the colour changing as the liquids 
again settle, till only a coloured line is seen in the fluid itself 
where the two are in contact. I have only tried the expe- 
riment thus, but by making a small closed tank with parallel 
sides, there is not the slightest doubt very beautiful pheno- 
mena might be projected on the screen. There are also 
minerals — such as what is called '* iridescent agate " — ^which 
have this property. I met with a " section " some time ago, 
which was mounted over a hole in a blackened slip of wood. 
It shows no colour when interposed direct ; but by turning 
the lantern off at an angle, condensing the light on the agate 
also at an angle, and then focusing on the screen "askew," 
as it were, all the colours of the spectrum may be produced 
according to the angles. This also is probably a case of 
irregular refraction. The mineral called Wulfenite often 
shows the same phenomena. 

1 06, Diffraction. — One of Newton's two great difficulties 
about the Undulatory Theory was, that if it were true the 
ether-waves ought to bend round the edges of bodies into 
the shadow. It appears strange now, that even the few 
experiments he made in diffraction did not suggest to him 
that this is precisely what does happen. If we hold an} 
opaque body, such as a black card, in the rays from a 
very small point or line of brilliant light, such as already 
described, we find there is no sharp shadow, but a series of 
coloured fringes due to interference, both within and without 
what should appear as the geometrical shadow. Dr. Young, 
who first pointed out the true character of these fringes, 
supposed them due to the interference of the direct rays 
with those reflected at a great obliquity from the edges of the 
body. This has been shown to be incorrect ; and all the 
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fringes have been proved to occur from the interferences of 
the secondary waves shown in Fig. 75, when separated from 
the "grand wave" by the opaque body. They can be 
obser\-ed without any apparatus at al! by receiving on a card 
a shadow from the planet Venus at its brightest, in an 
otherwise dark room. 

But more beautiful phenomena are within our reach, the,- 
nature of one class of which is best seen from a simple 
experiment without the lantern, which should first be made 
by every student. Cut a slit \ inch wide in a black card, and 
hold it in front of a flame so as to be brightly illaminated. 
Blacken a bit of glass, and scratch with a needle a straight 
line on that. Hold the scratch close to the eye and look 
through it at the slit, held at ami's length, both being per- 
pendicular. We see the slit in the centre, and on each side 
of it are a series of spectra, and we thus prove conclusively 
that the waves of light ilo bend round and spread out late- 
rally from the second slit, becoming visible under these 
circumstances partly because all stronger light is cut off, 
and secondly, because we stop off the chief part of the main 
wave. {See Fig. 75), The spectra, of course, represent 
overlapping images of different colours, as we can see if 
we cover our first slit half with blue glass and half with 
red, we then get a series of red images further apart 
than the blue images, precisely as in previous experi- 
ments. The reason why we get the dark spaces between, 
and not one unbroken band of light, is that at certain inter- 
vals, which can be, and have been, exactly calculated, the 
waves from, say, one edge of the slit, interfere with the 
waves starting from the other edge, or other point, in it. 
From one edge the path to the eye is longer, and we have 
already learnt that retardation means extinction of certain 
colour-waves, {See § no.) 

107. Gratings.— This experiment theoretically ought Co 
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be shown by the lantern, and it has been stated that it 
can be ; but I have never been able to do so in this form, 
for the reason already given; the light passing through 
the second slit is not sufficient. Undoubtedly the spectra 
must be on the screen; but they are far too faint to be 
perceived. We must get " more light," and we are helped 
in this by the fact, that if we arrange a number of slits 
exactly at equal distances, their various interferences and 
correspondences all fall at regular intervals, depending partly 
on the width of the slits and partly on their distances apart. 
Such is what is termed a ** grating," or series of very fine 
light and dark lines. If fine enough, such an assemblage ot 
slits practically cuts out, at each point, all but one single 
wave-length, and so produces pure spectral colours only; 
whereas the other interference colours we have seen are 
mixtures of residual colours. 

Nobert has ruled gratings with 3,000 and 6,000 lines to 
the inch, and photographic copies of the first of these are 
sold at a guinea, or less, and produce most beautiful pheno- 
mena. Placing a slit, say \ inch wide, in the optical stage, and 
focusing, we hold the grating just in front of the nozzle, 
with its lines parallel to the slit. There are at once pro- 
jected on the screen, on each side of the central image, a most 
beautiful series of diffraction spectra (see f, Plate III.). 
Two similar gratings crossed give beautiful spectra of a small 
hole about \ inch diameter. There are not only perpen- 
dicular and horizontal spectra, but also diagonal ones, at 
all angles radiating from the centre, but fainter ; these latter 
being of course due to the dispersion into fresh diffracted 
images, by the second grating, of every spectrum produced 
by the first. The finest effects are, however, produced by 
placing in the optical stage a symmetrical pattern of several 
small holes — say eight arranged in a square ; but the pattern, 
size, and distance must be found by experiment and adapted 



to the gratings used and the screen distance. If properly 
adjusted, and with sufficiently brilliant light, most beaudfnl 
diffracted patterns will appear on the screen. ^ A circular 
grating scratched on glass gives beautiful circular rainbows 
when interposed in the path of the rays from a small aper- 
ture focused on the screen. Any kind of grating gives 
most brilliant effects if held close to the eye, and looked 
through at any small naked flame. 

Another attractive method of observing diffraction 
phenomena is to cover the object-glass of any telescope 
— even one such as can be bought for js. 6/i. will do — 
with caps of black card, in each of which is pricked or cut 
one or more very small holes of various sizes, arranged in 
different patterns. Or the cap may be of blackened glass, 
on which ts scratched very small any regular curve or figure, 
such as a tiny circle or square. On looking through ibe 
telescope thus furnished at a bright star, beautiful diffraction 
figures wil! be seen ; or if the telescope be directed to a 
small hole in a plate close in front of a good lime-light, the 
phenomena will be gorgeous beyond description. 

Bui such apparatus is rot needed to show diffraction. 
The two slits have already been described, and even the 
fingers will show fringes if nearly closed and looked through 
at a distant candle. With care and a screw-feed, any one 
may ride on smoked glass for hiunself, with a sharp needle, 
a grating of 120 lines to an inch, and even this will give 
very perceptible spectra. Wire-gauze is made izo meshes to 

' Mr, C. J. Fox. F.K.M.S., first stiowed me this beanliful experi- 
ment in the microscope, to whicli be ha<l ndapted it, and in which ths 
eftecl*. owing la better iilnminalion, are far superior. For lliat in- 
strument the apertures, pricked in a blackened circle of paper, are 
focoteil by a !oiv-power objective, and the Eralinga mounted so as to 
rotate over the eyepiece. With the lantern, the parallel beam from 
e¥«i the lime-liglit needs to be condensed by an extra lens into the 
miftlkst area which will covet the apertures. 
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the inch, and sometimes 150 meshes; and this wil! give 
perceptible phenomena. So will a selected bit of the veiy 
finest cambric, such as is sold at 20s. per yard ; but a good 
bit can only be found by experiment, when it should be 
mounted between two glass plates. Even more simple 
objects are at hand. Get a broad pheasant's body-feather 
(some birds' are better still, but this is easily got ; most fowl 
feathers are too coarsej, and mount it between two glass 
plates, blacking out all the space the feather does not cover. 
Focus on the screen a small hole in a black card, ani 
interpose the feather j or look through it at any naked 
gas-light; again we get attractive diffraction phenomena. 
A very familiar example is found on looking through 
almost any railway carriage- window, at night, at one of 
the lamps. The dripping of the rain and dust, and the 
process which goes by the name of cleaning, combine to 
form tolerably perpendicular Unes on the glass, and these 
draw out the luminous point into a long band. Usually 
this is only vaguely luminous. — the lines being irregular, 
various colours overlap and produce white — but on one or 
two occasions in the course ot several years I have seen 
colour. Colour can also be seen on looking through glass 
breathed on so as to appear dull ; but a better method is to 
dust through cambric on a glass some lycopodium powder. 
This will give fine rainbow halos when looked through at 
any luminous point, such as a distant candle ; but its iantem 
effects are poor, the image appearing too bright and the 
halos too faint for satisfactory effeots. 

Most beaudful lantern projections may however be pro- 
duced from perforated cards, such as can be bought for 
book-markers at a penny each. Several sizes are made, the 
smallest being about twenty-five holes to the inch : purchase 
one or two of each size, and blacken all but the smallest, 
which would (ill up or choke. Cut circular discs to fit such 
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standard! wooden frames as already mentioned, aiid fix in such 
frames, by a spring circular wire, two of each size. First place 
in the optical stage one such slide (generally a medium gauge 
does best for this ; but again, much depends on the screen 
distance). On focusing, we of course get images of the 
circular holes. Now gently run in the focusing-tube a 
little further, so that the focus is projected rather beyond the 
screen. The pencil of light from each aperture now inter- 
feres with its neighbours, and we get a more or less decidedly 
toloured pattern, which varies as the lens is moved in or out 
of the focusing-tube ; at two or three feet away from the 
nozzle, the colours are pretty vivid. Much interest will be 
found in the various interference patterns given even by 
single cards in this way. But now add a second slide in 
front of the other. If the frames are % of an inch thick, 
and the slides are inserted "the same way," the cards will be 
that distance apart, which, with a screen five feet off, is for 
most lenses a good distance ; if a little more or less interval 
is necessary, one slide may be reversed. The pencils of 
light from the posterior holes are now further diffracted by 
the second set. As a rule, I have found the best effects 
at four or five feet distance, the back card being focused 
somewhat short of the screen, and from medium gauge 
cards ; but fine effects are produced at that distance 
(which should not be exceeded with a lamp or burner) with 
most of the cards, or by a coarser one behind with a finer 
pattern in front. A Uttle experiment will soon be repaid by 
most beautiful coloured tartan patterns, especially if the front 
card can be rotated in a frame such as is described later on 
for polariscope experiments ; all produced by the interfer- 
ences and diffractions of the small pencils of light With 
the lime-light and a screen distance of ten or twelve feet, I 
have found the best effects from using both cards of the 
finest pattern, placed back to back, so as to be only ^ inch 
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apart. As one card is rotated, beautiful effects will be pro- 
duced when the right focus is got ; and in certain positions 
it will be found that a little alteration in focus only, appears 
to rotate large squares of the pattern in a most beautiful 
manner. But the arrangements are different with each 
objective and screen distance. The small white screen will be 
found very handy to show the varying effects at the shorter 
distances, and any experiments intended for exhibition 
should be carefully worked out at exactly the distances that 
are to be employed, or the 'effect may be found quite 
different from that intended. Any experimenter, however, 
may depend upon finding great pleasure in this direction. 
The private student may hold one card close to the eye, and 
the other at a little* distance. 

1 08. Striated Surfaces. — Lastly, if we get light reflected 
from very narrow lines or grooves, we ought also to expect 
interference. That we do obtain it, is shown by several 
beautiful experiments. Turn off the lantern parallel with 
the screen, and placing a perpendicular slit in the optical 
stage, focus it as reflected from a bit of plane glass held close 
to the nozzle at an angle of 45°. Then substitute for the 
plane glass, a grating held in the same position ; the image 
of the slit is now flanked on each side by spectra, just as 
when transmitted light was used, only not quite so bright. 
If no grating be possessed, get a finely-coloured piece of 
mother-of-pearl polished plane flat, or one of those beauti- 
fully-coloured shells found in Jersey which can be bought for 
one shilling almost anywhere, or a finely-coloured pearl card- 
case will do ; the main thing is to select a richly-coloured 
specimen. There is really no colour in these shells what- 
ever : it is entirely due to the interferences of rays reflected 
from the countless little grooves which cover their surface, 
as can be proved by taking a good impression of one of the 
best bits in black sealing-wax, when the indented wax will 



show the colours of the pearl. Adjust the shell or piece of I 
pearl lilie the soap-film, condensing all the light on it at ' 
45", and focusing with the loose lens. The coloured image 
shows a kind of glowing " transparency " on the screen, very 
lieautiful ; but as we now gently turn the shell so a; 
rhange the angles, the colvurs change, showing that they are ! 
not fixed, but due to interference. 

Even a peacock's feather gives beautiful phenomena 
treated in the same way. I liave not been able to satisfy ] 
myself that ail the colour in this is due to interference of ] 




the rejected rays, but certainly a great deal is ; for if we J 
mount the end of one by two black ligatures sewn through 
a black card, and treat it like the jicarl, we shall find that at 
different angles we get very different colours, passing from 
deep purple to brilliant green. This is a beautiful experi- 
ment, but requires the lime-light at not too great a screen 
distance. For all these latter experiments, ibe handiest plat 
is to prepare a small blackened tablet like Fig. 108 ; a thin ' 
piece of blackened deal, D, being glued on a boss, r, i 
which is driven a tube t, fitting in the sockets of our pillar- 
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stands. The feather, or shell, or other article, can either be 
fastened direct to the tablet with two elastic bands, if solid 
and small enough, or the feather on the black card can be 
affixed by two blackened drawing-pins. The object can 
then be either rotated on a horizontal axis, or the angle of 
incidence and reflection rotated vertically .by turning the 
pillar. 

The metal buttons engraved with very fine lines, formerly 
made by Sir John Barton, then Master of the Mint, and 
still known as " Barton's buttons," are amongst the most 
splendid examples of the interference of reflected light 
They are very scarce now, none having been made for thirty 
years ; but a few are treasured here and there, and when the 
polish is well preserved, they glow with brilliant colours 
impossible to describe.^ Any who possess even one, in 
good condition, may produce an exquisite screen projection 
with the lime-light by taking out all the front lenses, placing 
a J-inch aperture in black card in the ordinary lantern-stage, 
and allowing the beam from this to be reflected from the 
button to the screen. Or the naked lime-light, through a 
small aperture in a cap slipped over the empty condenser- 
cell, may be focused on the screen, which gives more light. 
Various small spectra will be seen arranged in a beautiful 
stellar pattern depending on that of the button. I have 
seen also very good effects from the finest cut that can be 
produced in the lathe from a pointed tool on a flat surface 
of bright metal. 

1 By the great kindness of Mr. John Barton, grandson of the in- 
ventor, I was placed in possession of a fine set of these buttons or *' Iris 
ornaments." I learnt from him that the dividing engine, constructed 
for Sir John Barton by Messrs. Maudsley and Co., had been alwajfs in 
possession of the family since ; but that since his father's death, no one 
for a long while could use it efficiently. After many trials, however, Mr. 
Robert Barton, when in Australia with it, succeeded in producing good 
results, and some specimens of his workmanship were shown at the 
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109. The DifTraction Spectrum.— In all these ways 
we have produced colour, or dark fringes, by the inter- 
ference of different series of waves. It will be manifest 
that, as before, we have got all our colours solely by sup- 
pressing or quenching colour— that the colours are precisely 
of the same character as the dark fringes. It is equally 
manifest that since, as a rule, only one particular wave-length 
can be completely extinguished at any given point, the colours 
we see are not pure, but compound residuals, or made up 
of the residue of the spectrum. The only exception is in 
the case of gratings, which, by the orderly sequence of 
successive extinctions, cut out all, or nearly all, except one 
wave-length at a given point. A little thought will show 
that in these grating spectra we must therefore get the 
colours, or Fraunhofer lines which locate their., in the real 
order and proportion of their vive- lengths, and not as 
aHected by the various or anomalous dispersions of re- 
fracting prisms. This is so; and the fact makes grating 
Spectra, though less brilliant than those given by a prism, 
owing to the large suppressions of light which produce 
them, especially valuable to the physicist. 

This difference in the spectra, and the uniformity of dif- 
fraction spectra as compared with those produced by a 
prism, can easily be shown by experiment. Diflracting 
the pencil from a bnlliant small aperture by a parallel 
grating, and further diffracting the spectra thus produced 
by a second similar grating held with its lines at right angles 
to those of the former, we have already seen {S 107) that 
we get a most beautiful series of diagonal spectra. This, 
of course, must follow from considerations already dis- 
cussed, and the greater distances apart of the red images 

Melbourne EihibiiJon of i88o-8t. There is therefore some hope that 
lhe»e beautiful objccli may before long be again accessible to such as 
adtoire ihem. 
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than the blue. And all these diagonal spectra are perfectly 
tlraigkt. But if, instead of a second grating, we use a 
prism, with its refracting edge in the rectangular hne, itisoot 
so. We still disperse not only the central pencil of white 
light, but each spectrum produced by the grating ; and, as 
before, the blue portions of the spectra are more refracted 
than the red. But the deflection is no longer proportional, 
but dependent on the special dispersion of the prism ; and 
hence the refracted spectra now appear as parabolic curves, 
represented at g, Plate III. 

no. Measurement of Waves. — It is plain that we 
have in the phenomena of interference, various means ol 




measuring the lengths of the waves which produce any given 
colour. For many and obvious reasons such measurements 
are easiest taken with monochromatic light ; and the simplest 
case is that of the light from a slit or point passing through 
a second slit (§ 106). I^t a b be a highly magnified repre- 
sentation of the second card, and c d of the slit in it. The 
rays which pass perpendicularly through c D will none of 
them be retarded, and therefore produce on the retina or a 
screen an ordinary white image— the central white band. 
But as the card a b stops off the main wave-front (5 62) 
every particle of ether in motion all across the width of the 



slit produces new secondary waves spreading right and left 
of the perpendicular direction : let us take any given incli- 
nation, c E, D F. Then drawing c w perpendicular to the 
course of the ray, we see that the waves from d have further 
to go than those from C by the distance o w. Assume that 
in this case d w is a wave-length of the colour employed, 
and number the supposed ether particles across the slit from. 
unity onwards,— then we see that from 4, the centre particle, 
the waves are half a wave before those from d, and half a 
wave behind those from c. But still further, the rays from 
1 will be half a wave before, or in complete discordance 
with those from Si 2 with 6, and so on ; every single ray 
finds another in complete discordance with it somewhere 
in the slit : obviously therefore at that particular angle there 
must be a dark band. Further to the right or left the rela- 
tions will alter, and there will be a bright band, to be 
succeeded by other dark and bright bands. A general proof 
of the correctness of this reasoning is found in the fact, that 
plainly, according to the theory, the narrower the slit the 
greater ought to be the angular distance of any given band 
from the central image. This must be, because it will 
demand a greater obliquity to make the necessary dif- 
ference of paths from the edges of a narrower slit. Experi- 
ment shows that this is the case. 

Upon this hypothesis we can measure exactly the length 
of our wave, as in the diagram, Fig. no. Draw the line 
K B to represent the card as before, with c d, the slit in it, 
and c E, D F, the direction of the first dark band from the 
centre of the field. With the radius c d describe a semi- 
circle, and from c also draw c vi' as before, perpendicular to 
o F ; then d w is one wave-length, and x y\% the angular 
value of the obliquity of the dark band. Inspection shows 
us at once that the angle ,t d y is necessarily equal to 
D c H' ; and as d w is for such a small distance practically 
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coinddent with a segment of the semicircle, we only have 
to take the proportion of i8o° (the semicircle) to the angle^ 
D 7£/ (the obliquity), and the same proportion must exist 
between the linear length of the semicircle and that of the 
wave. Schv^rerd found that with a slit of 1*35 mm. the 
angle d c ze/ was i' 38''', the ratio of 180^ to which is 
648,000 to 98. The linear length of the semicircle is 4*248 
mm. It follows that the length of the wave, of the colour 
employed in his experiment, is about the :nr.iTnr ^^ ^ 
inch. ^ 




E 'F 

Fig. 110. — Measurement of Wave-length. 



We may reason in the same way from thin films. The 
thickness of the film at the first bright ring in Newton's 
lenses, with the same colour employed by Schwerd in the . 
above experiment, is found to be about i-F(r?innr ^^ ^^ inch. 
This thickness we know has to be doubled to give the re- 
tardation, which gives us ^xr.vrnr ^^ ^^ ^^^^ ^"^^ ^ retardation 
that causes a bright ring. Here then is an apparent discre- 
pancy ; for according to the calculation with our slit, ^77, J^nr 
of an inch should only be half a wave, and the ring ought 
to be black. One or other of the reflected rays is half a 

1 The phenomena of gratings are too complex to enter into here ; 
they are admirably elucidated in Miiller-Pouillet's Lehrbuch der Physik. 



'I'are out, or is in the contrary phase to what the raere 
retardation produces. 

But on further reflection this apparent contradiction 
proves the truth of the theory, since we perceive it ought 
to be so. We have seen that waves involve periods and 
phases even more essentially than lengths ; and we have 
to consider what happens when a wave is reflected from a 
denser or a rarer medium respectively. Talte for illustra- 
tion, as simplest, our first example of wave motion, in a set 
of ivory balls. Let from a to d be large balls, and b to c 
much smaller ones, and let them be united together by an 
elastic cord a c through the centre of all. Then if we roll a 
ball up against a, the wave of compression is transmitted to 
There it throws off the ball d, which in turn passes on 



I 
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the wave through the smaller balls. But the small balls are 
not enough to take up all the motion as the large ones did ; 
ihey are driven off more freely, in strict analogy to a wave 
encountering a rarer medium. The last ball d has therefore 
motion to spare, and follows the first smalt ball e, but 
slower and more feebly. In this it is however checked by 
the elastic cord, which instantly pulls it back, or is rather 
pulled by it ; and so the effect is really a pull upon the balls 
behind. In other words, the wave of compression is, in 
Ike very moment and in the act of reflection from the medium 
of less resistance, changed into a wave of e.vtension. In 
other words again, it is converted into the opposite phase ; 
or yet again, is thrown half a wave-length out of phase. If, 
however, we reverse the process, roll the loose ball against 
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the smaller row, so as to impart the impulse to c, it is not 
so. The last small ball e finds a greater obstruction to its 
motion instead of a less, and cannot therefore have any 
tendency to fly off; the reflected wave remains a wave of 
compression, as it was at the moment of impact. 

Thus we see that when light is reflected from two surfaces 
of a film, one of which is the surface of a denser and the 
other of a rarer medium, the reflection which is of the latter 
character must be thrown half a wave-length, or half a 
phase, which is the same thing, out of its order. In a soap 
film it is the second surface ; in the film of air the first 
surface. The result is that the retardation which, judging 
by thickness alone, would have retarded the ray from the 
second surface half a wave-length, is altered another half 
wave-length forward or back (it does not matter which, the 
alteration to the opposite phase of vibration being the point,) 
and the two rays are brought into accordance, or give the 
bright ring. This measurement, therefore, now gives the 
same wave-length as the other. 

This explanation also can be subjected to experiment. 

If we use a top lens of very low density, and an under plate 

of great density, we can introduce between them a film of 

fluid of some intermediate density, as oil of sassafras. Both 

reflections then take place from a denser medium, and the 

letardation alone should come into play, without any other 

alteration of phase. Experiment fulfils this expectation to 

the letter.^ The apparent objection thus becomes another 

strong argument for the truth of the theory. 

All the other phenomena of interference are similarly 
caDable of calculation. And the most complicated pheno- 
mena have so for corresponded with calculation in the most 
minute particulars. 

1 xtk cspIlM*"*^ is taken in substance from Sir John Ilerschel, 
Tjiilix aporition of it being the best I am acquainted with. 
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—I am not willing to 



III. Size of Matter Molecules.- 

couclude this chapter without some explar 
in which the dimensions of these light-waves throw light upon 
the dimensions of the molecules of matter itself. We are 
forced to conceive of matter as consisting of detached mole- 
cules, or separate very small portions, on account of the 
enormous power of expansion when heated which matter 
possesses. Moreover, while water and alcohol expand as 
one to three in the liquid form for the same increase of 
temperature, in vapour they expand in the same ratio^ which 
we can only account for on the supposition that the mole- 
cules are now at enormously greater distances, bo tliat their 
special action on one another has ceased, and they only obey 
the general laws of gases exposed to heat. We are there- 
fore confronted with these detached molecules of matter ; 
and some of the main questions physicists arc now investi- 
gating, are, What are the probable sizes and other properties 
and relations of these molecules ? 

Now on the first of these questions the measurements we 
have just obtained throw very considerable light. First, the 
molecules must be considerably less than those waves in 
dimensions, or they would be at least partially visible with 
the powerful microscopes we now possess. Nobert's test- 
lines of nz,ooo to the inch — half the dimensions of a blue 
wave — were resolved in America by Dr. Woodward. More- 
orer, in many transparent bodies at least, as the waves pass 
through amongst the molecules without being very sensibly 
destroyed or effected, this is another proof that such waves 
are large in proportion ; as they plainly arc not split up 
amongst them, but as it were sur^e grandly over them with 
little resistance, Atid yet, secondly, the molecules cannot 
be infinitely less relatively — or, shall we say, tremendously 
kss ; because if they were, it is ea^' to see that a difference in 
' About jjj fur each rise of l" Fahreiilicil. 
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the waves of one half, (we may take red light as .ig ^ jf,,, ; 
violet as rj.wij °f ^" inch,) could not so profoundly affect 
the phenomena as it does. To use an illustration I have 
seen, somewhere, sawdust would show no perceptible differ- 
ence in its effects upon water waves 30 feet and 50 feet apart ; 
but logs of wood probably would. All this is indefinite, 
and yet it does give us a notion of what physicists call the 
class, or order, of magnitudes involved ; and from some Other 
- considerations of this kind which cannot be given here,' 
it has been argued with very great probability that the 
average distance from molecule to molecule can hardly be 
more than a thousandth part, and hardly less than.OB 
ten -thousandth part, of the average length of a wave. 

It is a little singular that very analogous deductions may 
be drawn from the phenomena of a soap film. With a good 
solution, if a film is stretched upon a ring as in Fig. 96, and 
carefully observed, after a while coloured bands cease to 
form, and a large white patch appears, answering to the first 
bright ring.. This we know (§ no) to be a thickness of one- 
fourth of a wave-length. But after this comes a patch of 
very dark grey, often called black.' Now the peculiarity ' 
about this is, that the boundary edge is perfectly sharp, a? 
if cut with scissors ! It is not so with Newton's lenses, ' 
where the diminution of thickness is gradual ; and the only 
conclusion is, that there is here some sudden change in the I 
thickness and therefore physical constitution of the film. 
It cannot be nearly one-fourth of a wave-length, or a con- ■ 
siderable portion of light would be reflected. It must be as 
compared with the wave-length practically nii, for either (i) 

' Most of them are discussed towards Ibe end of Tail's /V.-fn.' 
AdtiOHces in Physical Scitiice (Macmillnn and Co.). 

' It is often stated Ihot this grey only comes in patches, and that (he 
film almost immediately bunts. With salulinns made as described on 
page 161, I have had half the film remain of the dark grey for hoan. 
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the two reflecting surfaces are so close that tlie retardation 
is practically nothing, ard discordance is produced solely by 
the half-wave difference of phase due to the denser medium ; 
or {2) the film is so thin that the air on both sides is in 
optical contact and there is no reflection at all. Obviously 
the first supposition is the true one ; and it is very easy to 
see that if the film exceeded in thickness one-fortieth of a 
wave-length, we must have some traces of colour. We 
have here, then, apparently an abrupt transition from yiniVoir 
of an inch to something almost certainly not much greater 
than s. oQo . ooo of an inch ; and it is difficult not to believe that 
this must be due to some peculiar change in the physical 
pian, or constitution of the film ; which again must almost 
certainly be in fairly numerical relation with the size of the 
molecules. And as we know that the mechanical equivalent 
of the heat required to vaporise a grain of water would not ' 
be sufficient (according to the law of capillary attraction) to 
reduce it to a thickness of ^^rir.OTir.TnrTr °^ ^" \n.c!n, and there- 
fore at that thickness the molecules could no longer hold 
together, but would separate in vapour, we seem to have 
here two outside limits between which the size of the 
molecules, or rather the distances between their centres, 
must lie.' 

Finally, however, we can hardly suppose that a film only 
one molecule thick would hold together at all. We must 
therefore multiply the lesser hmit by some figure, at least I 
2 ; and we shall be quite within the mark in estimating the 
molecules in the film's thickness at from 2 to 5. And even 
this low figure brings the limits of measurement for the I 
molecules of this form of matter as something like i^.inre.TnjTT 
of an inch for the greatest possible distance between the 

' Sir Willinm Tbomson believes Ihal the molecules of gas cannot 
eiceed niinJinnni of an inch 1 "mi Mr. Sorby eslittHites various n 
.Ciilei as probably from irWtmr '** ■mmiiniTj' of =" i"';''. 
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centres, and ^^j^j^^ to loo.ooo.ooo (according to the 
tnultiplier we assume) for the least distance. 

It is remarkable that several other lines of investigatioii 
lead to similar conclusions ; but they need not be mentioned 
here. Only the merest outlines of the optical argument 
have been given; but these will suffice to show how 
Light is still, in another sense, a Revealer of those minute 
elements which can never be seen by mortal eyes. 



APPENDIX TO CHAPTER IX, 
Diffraction in the Microscope, 

The phenomena of diffraction described in this chapter 
have a very important bearing upon microscopical investiga- 
tion, and especially upon the advantage of increased angular 
"aperture'' in microscope objectives. That the increased 
angles obtainable by immersing object and objective in a 
fluids instead of observing the object in air, gave marvellously 
increased powers of definition, had long been known ; but so 
long as this was supposed to be due merely to greater illumi- 
nation, or the collecting of a larger pencil of light from the 
object, it could not be satisfactorily accounted for. At length 
Professor Abbe pointed out the true nature of the advantage 
gained, and the matter was soon demonstrated by ingenious 
experiments devised by himself, Mr. Stephenson, and Mr. 
Frank Crisp, so well known as principal editor of the ad- 
mirable yournal of the Royal Microscopical Society. The 
folldwing brief explanation is condensed from Mr. Crisp's 
lucid summary of the subject in that journal for April, 1881, 
to which I am also indebted for the diagrams by which it is 
illustrated. 

It will at once be understood, from the phenomena of 
" gratings " already investigated, that if between the reflect- 
ing mirror and the stage of the microscope we interpose a 
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very small opening in the diaphragm, and on the stage lay a 
"grating" of ruled lines, on removing the eye-piece and looking 
down the tube we observe a series of images of (he aperture 
like Fig. 1 1 a, all circular in homogeneous light, but the outer 
es consisting of sjjectra in white light. The small pencil 
admitted through the diaphragm is ■■ diffracted," just as we 



r 





have already found. We next lay upon the stage a slide 
such as Fig. 113, consisting of, let us say,a circle containing 
both wide and narrow lines ruled on glass. Removing the 
eye-piece as before, we have of course, on looking down the 





tube, the appearance presented in Fig. 114, the coaree lines 
giving diSi-action spectra twice as close and numerous as 
those caused by the fine lines. The reason for this we have 
already seen (§ no): the present point is, what influence these 
diffracted rays have ujjon the image, and it is here that the 
experiments just referred to are so important and interesting. 
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First of all, by a diapfiragin at the back of the objective 
such as that in Fig. 115, let us cover up all the diffraction 
spectra, alloiving only the direct, or central white pencil, to 
reach the conjugate focus, or image-point. On replacing 
the eye-piece, all the fine ruling has disappeared, leaving onl) 





the general outline of the object, as in Fig, 116. By suppress- 
ing the difiracted rays, therefore, fine detail or "structure" 
of an object is obliterated. 

Secondly, let us adjust behind the objective a diaphragm 
like Fig. 117, which allows aH the lower spectra in F^. 114 



^ 




to pass to the image-point, but suppresses every alternate 
spectrum of the upper set, diffracted by the coarse lines. 
The image now appears as in Fig. 118, the upper set of 
lines to all appearance being identical with the lower set. 
Precisely in the same way, if we substitute a diaphragm 
like Fig. iig, stopping off yet another half of the alternate 
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spectra, the lines are again ap d b 

" see" Fig, no, though the actu b 

In these experiments therefore, h g 

pencil of light throughout, we ha 

or structure in the object by 

spectra. 



rf ppa d ail 



^ 




Still further, however, let us 
magnified resembles Fig. 121, 
We get with this, from the >; 
spectra somewhat like Fig. 122; > 



de wh h when 

d gr ti g." 

p gular 

1 addition there are 





other diagonal spectra caused by the regularly recurring 
intervals diagonally across the squares. Constmcting a 
diaphragm like Fig. 123, which allows only the central pencil 
and two of these diagonal spectra to pass, the vertical and 
horizontal lines of the object have vanished, to be re- 
placed by Fig. 124. This experiment is troublesome, the 
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diaphragm having to be prepared with extreme care; but 
the results, first deduced from theory, have been rigorously 
verified. 

Now tlie microscopic student knows that many objects 
by tlieir minute and regularly recurring "structure," cannol 
fail to give, and do give, strong diffractive effects. The 



^^ 




well-known Fleurosigma angulaium will serve as an example 
of the practical effect of the foregoing considerations. It 
gives three sets of diffractive spectra arranged as in Fig. 125- 





As each set is produced by something resembling lines 
at right angles to it, the three sets of lines in the object 
must be arranged /Kfl(«/v as in Fig. 126; but it will beobvious 
from what has gone before, that by selecting different sets of 
spectra, with or without the central beam, the apparent 
itnages will differ widely. It is also manifest that all these 
images cannot represent the /ra? structure. If, however, ¥re 
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are pretty sure that we have all the characteristic spectra, and 
their position and relative intensity can be calculated, then 
the resultant image can also be calculated ; and so far as all 
the spectra are included it will represent the real object. 
Mr. Stephenson ' records an extraordinary instance of such 
calculation in the case of this identical P. anguiatum. A 
mathematical student who had never seen a diatom, taking 
the spectra alone (as roughly shown in Fig. 125) worked out 
from calculation the drawing given in Fig. 127 as the result. 
Now the small markings between the hexagons had never 



been 



P. angiilalum by anybody. But on Mr. 




1 



Stephenson making special examination of a valve, stop- 
ping out the central pencil so that its superior illuminating 
effects might not overpower the others, these small markings 
were found actually to exist, though they were so faint as to 
have eluded all observation until mathematical calculation 
from their spectra had shown that they must be there. 
Light was once more, even in the microscope, by its physical 
deportment, a Revealer of what the microscope had, up to 
that date, failed to see. 

The general conclusion is, therefore, that we can have no 
true image of an object whose structure is sufficiently fine to 

' Journal of Ike Royal Microseof'kal Socifty, vol. i., 187S, p. 1 
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give diflfractive eflfects, unless ^//the diflfracted rays, or rather 
perhaps all the truly characteristic sets of spectra, are col- 
lected ; and the image will more or less resemble the object, 
in proportion as the spectra are all collected, or at least 
sufficient of these characteristic spectra. As we have found 
before (§ no) that the finer the grating, the more widely 
deflected are the diflfracted spectra, we can now readily 
understand how, as regards minute structure especially, 
collection of the widest possible angular field of rays from 
the object is a point of the utmost importance for correct 
delineation^ quite irrespective of greater illumination ; and 
it is in this respect that immersion objectives have such an 
enormous advantage. 

• Of course these considerations only apply to structure of 
a certain degree of minuteness. With more coarseness, all 
the diffracted spectra which are visible may be collected by 
a moderate angle. But when we reach a certain fineness, 
it will be seen that the image in a microscope of small 
angular aperture can be no true representation of the object 
at all, but is due to peculiar selective conditions. This may 
be well shown by an experiment with Amphipleura pellucida. 
With a homogeneous-immersion objective of large aperture, 
focus the object under an illumination so oblique as to show 
up all the lines clearly. Then remove the eye-piece as in 
previous experiments ; and placing the eye at the conjugate 
focus or image-point of the objective, the direct beam will 
of course emerge obliquely as a bright spot ; while on the 
other side of the field, and close to its margin, will be seen a 
faint bluish light, the inner portion of the first diffraction 
spectrum, (Fig. 128.) Only a portion of one spectrum, ob- 
serve ; and that so near the margin that it must be lost with 
any objective of much less angle. If now a small bit of paper 
be adjusted on the back lens of the objective so as to stop 
this blue light and no more, the illumination is diminished 



by an almost infinitesimal portion, and the diatom is still ] 
' ible, apparently as brightly illuminated as before. But the 



racteristic slrialian, which caused, and was therefore 
imaged by, the diffracted light, is gone, just in the same 
manner as was demonsttated in Figs. 1 1 5 and 1 1 6. 



NOTE ON THE COLOURS OF THICK PLATES, 
Nothing has been said in tie te;tt on Ihe inlerference colours of Ihiii 
plates ; the phenomena being as s. rule difficult to observe and unsuit- 
able for projection. One exception may perh.ips be made in an 
apparatus known as Dtlesenn/s Analysfr, founded on an experiment 
first mode with two thick silvered mirrors by M. Jamia. If two truly 
parallel plates of glass are arranged thus, \\ , so that rays from the tap 
of tbe page are reflected horizontally from the left-hand glass to the 
righi-hand one, and thence to the eye below ; so long as the glosses are 
truly parallel with eicb other there is no interference. But if either 
nf them be rotated round an axis parallel to the side of the page, 
tligbUy to either side of this position, beautiful inlerference bands 
appear precisely similar to Savart's bajids (§ 179), If the glasses are 
backed with black card to exclude extraneous light, and near enough 
ID prevent direct rays passing between them to tbe eye, the phenomena 
ue conspicuous against any bright surface, and readily projected upon 
X screen. Usually the glasses are mounted, one inside each of tbe two 
Rat sides of a roiuid brass box like a collar-box, one-half of which 
rotates in the other half i apertures being cut in the Hat sides for the 
rays to enter and emerge at the interval between the glasses. Such I 
nil apparatus, about ihe siie of a large watdi, can be obtained of j 
Mr Tisley : but it ia to be regretted that it was allowed to be descritted I 
as if original before the London Physical Society in 1878, when it »a* J 
tim^ a copy of Delezenne's apparatus con.<tructed many years before. 



CHAPTER X. 

DOUBLE REFRACTION AND POLARISATION. 

Double Refraction — Huyghens* Experiment of Reduplicating; Images- 
Polarisation — Polarisers, Analysers^ and Polariscopes — Phenomena 
of Tourmalines— Polarisation by Reflection and Refraction — What 
Polarisation implies — Analysis of Polarisation by Reflection and 
Refraction — The Polarising Angle— Analysis of Polarisation by 
Double Refraction — Extraordinary and Ordinary Wave-Shells in 
Doubly- Refracting Crystals — Action of the Tourmalines. 

In dealing with light hitherto, we have found j> reflected, 
or Otherwise behaving according to certain uniform laws, 
which were not affected by the position or direction of the 
ray. We have now to examine phenomena in which that 
is not the case. 

112. Double Refraction. — Place in the optical stage the 
smallest aperture that will show a bright spot upon the screen, 
and in front of the nozzle hold a piece three or four inches long 
of the clear mineral called Iceland spar, which crystallises in 
the form of a rhombohedron, as shown in Fig. 129. There 
appear perceptibly two images, separated by a slight interval ; 
and if the spar is turned round pretty equally, it is seen that 
one image rotates round the other. It is plain that the single 
pencil from the lantern a b (Fig. 130) is, in passing through the 
spar, divided into two, b c and b d, and equally so that if 
one of these rays is refracted in the plane of incidence, and 
according to the law of sines, the other in some positions 



cannot be. It is equally obvious that somehow or other tlie 
indices of refraclion (g 30) must differ in the two rays. 

Large pieces of spar are clumsy, however, and give little 
separation, as both rays resume parallelism (c e, d f) when 




^ 



they emerge from it, But as we have two indices of refrac- 
tion in cert^n positions, it is evident that if we cut a prism 
of the spar with its refracting edge in the right position, the 
angular deviation will continue after the two rays emerge 



and the separation increase with the distance. The dispersion 
of the prism is easily achroraatised, or nearly so, with a 
contrary priam of glass,' and a small bit of spar thus treated 
' A belter pinn is to make bolli prisms of spar, cut in two directions 
U righl angles witli eadi otlier, oji a plan lieWsed by Dr. Wollaslon. 
This gives belter chromatic correction, and doubles the separation of the 
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gives us a wide separation. We sliall suppose two such 
prisms, A and B (Fig. 131), mounted in cork, and so fitted chat 
the brass tube containing the first rotates on the nozzle at 
N, while the second, b, rotates in the first, with a space, 
s, between them, through which, by slits in the sides of 
the mounting tube, a slide an inch wide can be inserted 




HuyEllens' ApparaLui for the Lanier 



Two double-image prisms thus fitted are usually called a 
" Huyghens' apparatus." 

113. Huyghens' Experiment. — We can now use a 
larger aperture. Place one, \ inch in diameter, in the optical 
stage, and focus the image : on placing one prism on the nozzle 




and rotating it, one image is seen to revoJve round the other, 
but no difTerence in brightness or otherwise is observed. Let 
A (Fig. 132) represent these two original images. Add the 
ind prism in front of the first, however ; and keeping the 
first still (say with its two images perpendicularly disposed), 
rotate the other in front of it. Starting with both prisms ia 
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the same posirion, two images still appear, only at double 
the ilistaDce, b, showing that each ray from the first prism 
suffers no further division, but is only further bent in passing 
through the second. But directly the front prism is rotated 
in the least degree, four images appear; each pair being of 
unequal brightness, however, until one-eighth of a revolu- 
tion has been made, or the second prism is at an angle of 
45° with the first ; all four are then equal, as at c. Pro- 
ceeding, what were the faintest images become the brightest, 
and via versa, until when a quarter of a revolution is 
reached there are again but two equal images, this time, 
however, placed at an angle of 45° from the perpendicular 
on the screen, d. Still proceeding, the same stages are gone 
through reversed ; but on reaching the half revolution, if 
both prisms are of equal separating power, there is but one 
image, k, into which all four have merged. The successive 
phenomena are represented in Fig. 132, and are of course 
reversed ihrough a further half revolution back to the first 
position. 

The student will do well to examine these phenomena 
more in detail, if possible, which he can easily do without 
any other apparatus than two small rhombs the size of Fig. 
1 33. They can either be laid on a sheet of paper with one 
roand black spot, or held against the window over a hole in 
a black card the same size. Let the under rhomb be kept 
in the same position as shown by the white figure, and the 
Other rotated over it as shown by the shaded iigure. It will 
first of all be seen that with the single rhomb, if so cut that 
the sides are of equal length, the line joining the two images 
is always parallel to the short diagonal. The same will also 
be noticed of the reduplication of the images ; and the de- 
tails of the diagram will enable the successive modifications 
to be accurately traced, and show all that takes place, the 
^ite spots showing a total extinction of the image. 
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114. Polarisation of Light.— It is manifest that the 
pencils of light which have passed through the first piece or 
prism of Iceland spar differ remarkably in Jow/rf way from com- 
mon light; and that the difference essentially consists in this: 
that they behave differently according to which of their sides 
are presented to certain sides of the second prism. We 





have here an obvious analc^ to the " polarity " of magnets 
and currents of electricity, which, though not strictly 
accurate, is sufficient to justify the term of " polarised " 
light. 

1 15. Polariser and Analyser. — And the analogy goes 
further: as we cannot detect magnetic polarity until we 
bring to our presumed magnet some other magnetic or 



diamagnetic substance by whose attraction or repulsion we 
detect the magnetism ; so here we could not dttect any - 
" polarisation " in our two pencils of light, until we subjected 
them to a second process similar to the first. This law 
holds good throughout the subject. A great deal of re- 
flected and other light around us is, as we shall immediately 
find, really polarised ; but we cannot delect it to be so with- 
out subjecting it to some second process, which of itself 
would polarise it were it not polarised already. If it is, 
such a further process at once reveals the already existing 
polarisation, and the apparatus so used is then called 
an "analyser." A polaiiser and analyser together form a 
" polariscope," Any one of the methods which are capable 
of polarising light may be used equally to analyse light when 
polarised, whether it be the same process as polarised it or 
not being a matter of complete indifference beyond the 
convenience of the operator. These methods are several, 
and we have now further to experiment with them. 

Ii6. Phenomena of Tourmalines. — There is another 
doubly refracting cr3'stal called tourmaline, some colours of 
which, when cut in slices parallel with the axis, have the pro- 
perty of rapidly absorbing, or being almost opaque to, one 
of the two pencils produced. Hence we greatly simplify the 
phenomena.' As one ray only passes through, which is the 
colour of the crystal, if we focus the slice upon the screen, 
we see nothing remarkable about it, Obtain, however, two 

' Two mistaken slalemenls are often made about tourmalines. One 
is, thai green odcj are good polariseri. Some few are, but many arc 
not, and far the but colours are the variou:^ shades of browns, some of 
which are a very pure purplish grey, and very little change ihe colour 
of objects seen through them. Tbc other error is Ihal tourmalines 
" polarise by absorption," All that the absorption does is to take up 
or stop one of the alriady-folarised r.iys due to double refraction ; for 
if a, very thin wedge be ground, at llie ihiniiesl edge both images can 
be distingnishtd. 
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slices of tourmaline, of such sizes and shapes that one can 
be seen distinctly over the other. Let one be mounted in 
,one of the 4 inches by 2 J inches wooden frames, and the 
other on a loose disc of glass, which can be secured in a 
metal circle by a spring, and rotated by a pinion and 
circular rack.^ Place both in the optical stage, parallel with 
each other, and focus ; then rotate the front one : the suc- 
cessive appearances are as in Fig. 134. When parallel, a, 
there is simply a rather deeper colour from the double 
thickness ; when the movable one is rotated 45°, as at b, a 
considerable portion of light is stopped where both are 
superposed ; when at right angles, c, no light whatever can 
get through — the screen there is black. 




Fig. 134. — Two Tourmalines. 



It is plain we have here the same phenomena as before, 
only simplified by the absorption of one of the two rays. 
To prove it, we remove the fixed tourmaline, leaving only 
the rotating one in the stage, and placing with it a circular 
•aperture in a plate or card, just large enough to encircle 
the tourmaline. On the nozzle of the objective we place 
one only of the double-image prisms, which if of wide 
angle will quite separate the two circles of light with the 
tourmaline image in the centre ; if the separation is not 
sufficient for this, remove the second lens from the objective, 

^ Such rotating; frames, of the standard 4 inches by 2^ inches size, can 
be purchased for a few shillings of any good London optician, and at 
least one is indispensable for many experiments. 



and bsert at c, Fig. i, a lengthening lube or adapter, about 
2\ inches long, which, by reducing the size of the discs, but 
not their distance apart, will " clear " them on the screen. 
Adjust the prism so that the images stand horizontally, and 
the loumialine stands vertically. One image transmits the 
light, the other is completely black (a. Fig. 135). Now rotate 
the tourmaline till it stands horizontally; the light image 
gradually becomes black, and vke versa, b, whilst in passing 
through the angle of 45°, both are alike and semi-opaque. 
Rotating next the prism, while the tourmaline is stationary, 
the same alternations are repeated. It is perfectly clear 
that the tourmaline gives us in a single ray, precisely 
what the Iceland spar gave us in two rays. 





IT7. Polarisation by Reflection and Refraction. — 

In 1808 it was discovered by Malus that reflection from glass 
at certain angles gives the very same "polar" phenomena; 
and a few years later it was dibxovered that tlie refracted ray 
which passed through the glass had the same property. On 
a piece of board, i; d (Fig. 136), as base, glue or screw two 
triangular side pieces, b c d, and fix between the hypothenuse 
edges of these, b c, ten or twelve plates of thin crown or 
plate glass, so that the angle c b d is about 34°. It is evident 
that when laid on a table stand in front of the objective, a 
beam, e f, from the lantern will be partly reflected towards 
the ceiling as f g, and partly refracted and transmitted to the 
screen as f h. Adjust it thus: remove the double-image 
prism, but leave the rotating tourmaline in the stage. On 
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rotating the tourmaline, it will be found that when this is 
horizontal, the reflected image on the ceiling is bright, and 
when the tourmaline is vertical, black ; and on looking at 
the screen we see that these effects, by the transmitted ray, 
are precisely reversed. And if we place an aperture in 
the stage without the tourmaline, and on the nozzle the 
double-image prism, we, of course, find on screen and 
ceiling reciprocally light and dark images of the aperture, 
which change to the opposite character as the prism is 
rotated. Next lay the bundle on its triangular side, and 
every image is precisely reversed. All through we have 
found similar phenomena ; and if we use the pile of glass 
first (either as reflector or transmitter) and another pile of 



E 



Fig. 136. — Glass Pile. 

glass, or any of the other apparatus, after it, it is still the 
same ; the beam of light, when " polarised '* by any one of 
these methods, behaves in opposite ways when " analysed ^ 
by any one of the methods, in positions at right angles with 
each other. 

A single plate of glass is suflicient, when adjusted at the 
exact polarising angle, to polarise all the light that is 
reflected ; and an equal quantity of polarised light is also 
transmitted through the plate. But this quantity being 
small, and in the case of the transmitted beam overpowered 
by the larger quantity of common light also transmitted, it 
is usual tQ employ a pile of at least a dozen plates. Even 
this does not nearly polarise all transmitted light, but 
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lE^'Increases the quantity of reflected light. Owing 
to inequalities in plates of glass, for accurate experiments it 
is sometimes necessary, when reflected light is employed, 
to employ only one plate of perfiectly flat glass blackened 
at the back. It will further be speedily discovered that at 
other than the angle of complete polarisation, a somewhat 
less quantity of light is polarised. 

ii8. Bxplanation of Polarisation.— The phenomena 
of double refraction and polarisation puzzled Huyghens and 
Newton, for opposite reasons. Newton's notion of alternate 
"fits" could be made to account iri some measure for 
polarisation, but not for double refraction. Huyghens 
could not account for polarisation, but easily accounted for 
double refraction on the Undulatory Theory, even as then 
understood, when it was supposed the ether vibrations 
resembled those of sound-waves, or were propagated in the 
direction of the ray. We have seen that the retardation 
which causes refraction is caused by greater density or less 
elaiticity in the refracting body ; and Huyghens had only to 
suppose a doubly- refracting crystal was less elastic in some 
directions than in others, to account for it, provided only 
the ether vibrations also were affected by these differences 
in the structure of matter. This, we have found from 
numerous experiments, is probable. But the theory as then 
understood failed to account for polarisation, which finally 
occasioned Young and Fresnel's great conception of 
transverse vibrations, by which everything is simply and 
perfectly accounted for.^ Let it be supposed that common 

' Familiar as the conception is to us now, it is (iiflioilt to reihse 
what a profound and tremendous revolution in scientiRc upinton it was 
when first promulgaled by Young and Fresnel in 1816 and 1817. To 
endow sach a mie and sublle fluid as the ether with the most distin- 
guishing properly of n solid, was such a slupendcnis overturn of all 
ons about ihe Undulatory Theory, that Arago, who had 
leahared and endorsed Fresnel's previous memoirs, shrank 
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light consists of vibrations in all azimuths, "but all per- 
pendicular to the path of the ray, as at a, Fig. 137. Whelha- 
yibration takes place in different azimuths sinlultaneously, 
or ill succession, is not positively Jtnown, and does not 
affect the reasoning.' Such a ray must behave indifferently 
as to its sides, wliatever it meets with in its path. But let 
all these azimuths of vibration be "resolved " into Ac^planes 



M^ 



at right angles to each other, as at e. where the fop anJ' 
bottom quadrants of a are supposed to be mainly resolved 
into c D,^ and the others into e f j and suppose we can 



from such a slep, and left Frcsni 
Fresoel related, in iSzi, that lie t 
while, and states (see WheireU's / 
vol, ii., p. 417} how "Mr. Young, 



o beat the brunt of it alone, 
self hesitated to adopt it for a 
ory of the Iitdttetive ScientOt 
: bold in his conjectures, and 



leas canfiding in the Tieits of geometers, published it before 
perlmps he thought it after me." Wheu-ell goes on lo relate, fi-om in- 
formation given him personally by Arago, how when Fresnel had pointed 
ont that transverse vibrations were the only possible way of translalii^ 
the facts of polatisation into the Undnlatory Theory, the elder Frendl- 
man " protested that he had nol courage to publish such a conception, 
and sccordingly the second part of the Memoir was published in 
Fresnel's name alone." And yet, when Arago thus shrank from Ibc 
new theory, he had received also a letter from Dr. Young, dated 
January 11, 1817, in which the same idea was suggested for the same 
reasons ! Facli like these should not be lost sight of, for the sake of 
the instmclion they convey to the scientific student. 

' See Appendix to this Chapter. 

- It results from very elementary principles of mechanics that if CD 
and E F are the only possible directions of vibration in a )x>dy, all vibca- 
tions in anj other azimuth than one of the two must be re«ol*ed jdIo 



219' 

obtain either plane separately ,' for instance, the 
separates them somewhat as at c. Very plainly, such £ 
single plane of vibration, on meeting reflecting and refract- 
ing surfaces, must behave vtry differently according as the 
ends or whole course of each path of vibration come in 
contact with the reflecting or refracting surface, 

119. Analysis of Polarisation by Reflection and 
Refraction. — It is even easy to see that reflection and 
refraction, of themselves, must tend towards this state of 
things. For tracing a ray vibrating in all azimuths, to an in- 
clined surface, it is natural to suppose those vibrations which 
come in contact with it, or " kiss " it, as it were, along their 
whole path, should be reflected in their integiity, while others 
must be seriously affected. A simple experiment confirms this 
supposition. It is supposed throughout the Uiidulatory 
Theory- that we are dealing with actual physical realities — ^with ' 
actual physical atoms, vibrating with inconceivable rapidity 
in definite paths. Now, any solid small body thus moving 
in an orbit, with sufficient rapidity, produces on our sense 
of touch and in many other mechanical respects (and we 
are dealing with strictly mechanical effects here) the same 
effect as a solid occupying the dimensions of its path. If, for 
instance, the driver-stud in the driver-chucic of a small 
lathe can be rotated with sufficient rapidity, it is in many 
respects mechanically equivalent to a solid cylinder bounded 
by the circumference of its circle of revolution. In the 
same way, a small sphere vibrating rapidly enough in a path 
perfectly straight, would produce effects similar to those of 
a small rod equal to it in diameter and of length equal to 
its path. We may thus conceive of the front of a ray of light, 

both in VHtying proportions according to the angles. Near CD nearly 
all the molion ii^ revolved into c D, and only n small ponioti into E i \ 
while the vilitations ia azimulhs of 45" will be resulved equally ii: 
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supposing there are:* transverse rectilinear vibrations in all 
azimuths, as equivalent to a number of rods crossing the 
axis of the ray in all azimuths as a, Fig. 137. , Now let us 
consider these various rods, preserving their rectangular 
relation to the ray, obliquely projected against the surface 
of some retarding medium, such as we have considered 
refracting media to be. 

We can predict the result theoretically ; but we can, as 
regards single rods, representing single azimuths of vibra- 
tion, readily subject the matter to experiment by the simple 
instrument shown in Fig. 138, Let there be hinged on a 




Fig. 138.— Catapult. 

base-board, b a, at a pivot, a light frame c, pulled towards 
B by a strong spiral spring, s. On pulling it back and 
releasing it, the part c will act as a kind of catapult, and 
project objects laid upon it with considerable velocity at 
any inclination with the horizon, determined by a stop or 
obstacle, o. Provide a few smooth rods of wood, as 
accurately circular as possible, of different diameters and 
weight (this is simply because the best rods for each pro- 
jecting apparatus must be found by trial : as a rule rather 
heavy wood is best), and placing the instrument in front of 
a shallow bath of water, project the rods obliquely against 



the water. Let a horizontal rod be first so projected, so 
that the whole length strikes the water at the same moment. 
With a. litfle practice it will be found that when the rod is 




-KellEcted Rod 



projected pretty accurately it is reflecte i from the water, a 
Fig- 139. as boys play ducks and drakes," or as a shot 1 
ricochets on the surface of the sea.'-^^ Now let a (Fig. 139) I 




be the wave-lengtbs in a ray of light, the rod R will repre- 
sent those vibrations which reach the retarding medium 



' The rods must strilte the surf.ice of tile "■ 
angle than in Fig. 139. 



cr al a cna'iidenibly less 
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as at B ; and they are reflected to a Lay next a rod vertically 
on the face of the catapult, so that the end strikes the surface 
of the water first, as at e (Fig. 140). Such a rod re- 
presents mechanically the vibration at right angles to the 
former ; and it will be found it is no longer reflected, but 
swung round in some such direction as f. 

But this is not all ; for attentive observation, even with 
this rough and simple apparatus, will soon show that, in rods 
placed in intermediate positions, there is a sensible, visible 
tendency on meeting the water to swing round-into one or 
other of the two positions we have examined. It follows 
that if we could project such a rod, without losing its 
energy, against surface after surface, it would ' gradually be 
broughf into either one or other of these two rectangular 
positions. And this precisely accounts for what was long a 
difficulty, viz., the gradually increasing body of polarised 
light as common light is reflected from, or transmitted 
through, a greater number of successive plates of glass. 

120. The Polarising Angle, — Lastly, a very elementary 
knowledge of geometrical mechanics necessitates the clear 
perception that, according to this purely mechanical method 
of analysis, the amount of reflected and refracted light 
polarised in two rectangular planes, assuming the original 
beam to contain equal proportions of all azimuths, must be 
equal ; and further, that the most favourable position for the 
operative surface, or that which must give from any surface 
the largest quantity of each kind of light, must be at 
an angle of 45°, at which angle only an equal number of 
azimuths are affected in each of the two directions, and at 
which only the refracted ray is at right angles to the reflected 
ray. Now, at first sight, this seems to be contradicted by 
the fact that the polarising angle of glass is not 45°, but 
about 56°, and that it varies with every transparent substance. 
But when examined this difficulty disappears ; for Sir David 



THE POLARISING ANGLE. 

Brewster discovered in 1815 the beautiful law shown in Fig. 
141. Reference to the diagram of sines (Fig. 35) will show on 
mere inspection, that there must be a given angle of incidence, 
at which the ray, i 'R {Fig. 141), reflected from the refracting 
surface, at the same angle with the normal, N, as the incident 
ray, s, is at right angles with (he refracted ray, i r. _ That 
angle in every case is the angle of polarisation. With glass 
il is about 56° 35', but must of course depend upon the 
refractive index of the glass. Moreover, Sir David Srewster j 




has also shown, by mathematical reasoning quite indepen«B 
dent of the considerations here advanced, that there is everytf 
reason to believe incident rays are partially subjected ti 
deflection of the refracting substance before reflection, and! 
that therefore the real polarising angle is in all cases 45°.' 

^ Sir David Brewster advances the following propositions : " When 
the refractive power of any body is infinitely smnll, its polarising angle 
will be 45"," " If light were polarised simply by the aelion of the 
irce, the potariainj; angle would be 4S°." " When a rayoT 
dent at the polarising angle upon any snb-slance whatever, i 
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It is easily seen that, as the refractive index of glass or 
any other medium differs for different colours, polarisation 
by reflection can never be quite perfect for all the colours 
of white light at any one angle. The imperfection is, how- 
ever, so small, that it may be neglected for all but very 
highly refractive substances, or very delicate experiments. 

121. Polarisation by Double Refraction. — Having 
determined the direction of the vibrations ^ in a " plane of 
polarisation," we can now examine the phenomena of a 

receives such a change in its direction by the action of the refracting force, 
that the real angle at which it is reflected is 4$**." ** The real angle of 
polarisation is 45°, the effect of the refractive force being merely to 
bend the ray of light so as to make it suffer Reflection at this particular 
angle." (See Phil. Trans, 1815, Part I.) ITie reasoning in this paper 
does not seem to me to have received quite the attention it deserves. It 
is the "more remarkable because the ** father of modem experimental 
optics," as Professor Stokes justly called him, was to almost the last, if 
not quite so, a disbeliever in the Undulatory Theory, and was not guided 
by any considerations connected with it. If his conclusions, and the 
mechanical analogy above advanced, be received, the supposed difficulty 
about the angle of polarisation by small particles (see § 187) entirely 
disappears. 

1 It is usually stated in works upon this subject, that it is an open 
question whether reflected vibrations are parallel (as here affirmed) to the 
reflecting surface, or in the plane of reflection ; though it is usually 
admitted that the preponderance of argument is in the direction here 
adopted. The methods of experimental demonstration and purely mechan- 
ical reasoning here employed, leave, in my opinion, no doubt whatever 
upon the subject, and are, I think, more conclusive than even Professor 
Stokes's experiment— generally considered almost conclusive (see Cam- 
bridge Trans, 1850) — upon the effects of a fine diffraction grating on 
the plane of polarisation. It is to be observed that almost, if not quite 
every argument for the contrary view is based upon purely mathematical 
reasoning; and it is notorious that in purely mathematical questions 
opposite assumptions often give correct results, as in Newton's assump- 
tion that the velocity of a refracted ray in a denser medium wms ac- 
celerated. The question, it is submitted, ought to be argued, and can 
only be decided, as one of actual physical mechanism, and not of pure 
mathematics. 



ELASTICITY IN CRYSTALS. 



doubly-refracting crystal. It has been assumed that double 
refraction is due to an inequality of elaslicily in different 
directions. Is there then this inequality? Experiment 
shows us not only that there is, but that the physical proper- 
ties of a crystal in this respect stand in fixed and invariable 
relation to its optical properties as tested by experiment ; 
and that both these again have a fixed relation to its form. 
Some crystals are symmetrical in all directions, as the cube ; 
if heated, they conduct heat equally in all directions ; and 
with variations in temperature they expand equally in each 
direction. Now such crystals may safely be assumed to be 




equally elastic, and in a free or natural condition they have 
no double refraction. But if now we take a crystal of quartz, 
which crystallises in six-sided prisms with pyramidal ends, 
it is manifest on inspection that it is not symmetrical in all 
directions, but only round one axis, that of the prism. Take 
a slice cut parallel to this axis, a, and pierce it with a hole 
into which we can introduce a wire heated by an electric 
current or otherwise. Coat the plate with a film of wax, 
and introduce the heated wire : the wax will gradually melt 
around it, and it will soon be seen that the melted surface 
1 ellipse ; in other words, the heat is conducted more 
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rapidly along the crystaJlographic axis than across it. Doing 
the same witha slice cut acrossX^x axis, b, the melted area is 
now a circle; showing that conduction is equal in all radial 
directions round the asis.^ 

It has further been discovered by experiment, especially 
by Professor Mitscherlich, that when a crystal of this 
description is heated or cooled it expands or contracts 
unequally in different directions. Almost, if not quiie 
invariably, a moderate heat expands the shorter axis of the 
perfect crystal more than the others, or brings the crystal 
nearer to the form of a cube, or other shape which in its 
most perfect and simple form can be inscribed in a sphere 
(this is the simplest general test of the nature of a non- 
doubly-refracting crystal). With this change comes a dimi- 
nution of the inequality in elasticities, which, at a certain 
temperature, may even altogether disappear, as we shall 
hereafter demonstrate by a beautiful experimeni, due also to 
Professor Mitscherlich (§ 171), The various faces of such 
crystals also show very different powers of cohesion ; and 
even different resistances to the disintegrating action of 
chemical re-agents. Finally, it has been shown directly by 
Savart, who strewed fine dust upon plates of crystals cut iu 
various directions, and then excited sonorous vibrations in 
the plates, that there are such differences in actuiri elasticity 
as we should expect. 

If now we take a rhomb of Iceland spar and reduce one 
or the other of its sides till all the edges are of equal length 
■ — the true form of the crystal — we find it resembles quartz 
in being symmetrical around the one axis a a (Fig, 143), and 
no other. It is as if we took the skeleton outline of a cube 
made with wires, jointed at each corner of the cube, and 
laying one comer an the table, pressed down the opposite 

' ITiis experiment b; dne to Senarmuiit. 
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one. In the longer rhomb, also depicted, the direction a a 
parallel to the other is still the true crystallographic axis 
round which the crystalline molecules are symmetrically 
built.' If we cut a plate with artificial faces perpendicular 
to this axis, and melt wax from a heated centre, as with the 
quartz, the melted area is circular. 

Take now a ray passing along this axis. The vibrations 
being perpendicular to the ray are therefore perpendicular 
to the axis, and in all these perpendiculars the elasticities 




are equal. There ought, therefore, to be no double refrac- 
tion. If a ray is thus transmitted, we find it is so ; there « 
no double refraction ; and the axis is therefore called the 
optU axis of the crystal. 

But now let the ray pass through the crystal at right angles 
with this axis. The elasticities being equal all round the 
axis, that in the direction of the axis itself must be either 
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greatest or least — in the calcite it is greatest. The axis 
itself, in such a case, therefore, is a plane of vibration at 
right angles to the ray, and therefore such as luminous 
vibrations require, in which the ether vibrates most freely ; 
and at right angles to this is another plane in which it is 
most retarded. According to the simplest mechanical 
principles, all the azimuths of vibration in the ray must be 
resolved into these two, and the ray be thus divided into two 
differently refracted, and oppositely polarised. 



B 

4^ 
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Fig. 144. — Direction of Vibrations in the Spar. 



Take next an intermediate position ; for instance, lay the 
rhomb on a flat table over a black spot ; the ray sent per- 
pendicularly in the direction a b (Fig. 144) to an eye over the 
spot is neither parallel with nor at right angles to the axis. 
But its vibrations, being necessarily at right angles to itself, 
may be represented by lines drawn on a piece of card laid on 
the top horizontal face of the calcite. Draw two such lines 
at right angles to each other to represent planes of polarised 
vibration, ad, cd. It will be found the card can easily 
be turned round so that there is a position in which a b 
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perpendicular fa the axis, thedirection of least elasticity ; and 
the other line, cd, is that of greatest elasticity, and must, in 
this case, lie in the same plane as the axis. Into these two 
directions, therefore, will the vibrations be resolved ; and 
the two images will always be in the line ed, which is in the 
same plane as the optic axis. 

122. Principal Planes or Sections. — Theplane 
passing through c d and the optic axis, and all plan 
sections parallel to it, are called principal planes ii 
crystal. Thus in Fig. 143, not only is the plane a b, a b a 
principal plane, but the other parallel planes drawn are 
principal planes. As therefore one of the two planes of 
jjolarisation, in a ray incident in a principal plane, coincides 
with that plane, and the other is perpendicular to the axis, 
the elasticities on both sides of the plane of incidence 
arc equal, and both refracted rays remain i 
though diflferently refracted. It will be so 
trial that all planes perpendicular to a : 
the spar, and including the optic axis. 
planes. 

But if the ray in passing through the spar is oblique to 
both the optic axis and the faces of the crystal at which it 
enters and emerges, the case is different. Cut a small cross 
of card and stick it by a pin on the end of a thin rod, like 
a child's windmill, to represent — the rod the ray direction, 
and the arms of the cross two rectangular polarised planes. 
Take another rod and adjust it in a position to represent the 
Optic axis. The latter being merely a direction, the actual 
axis any given ray is concerned with is that which intersects 
the ray ; move the optic axis rod (parallel to itself) therefore, 
till it intersects the rod representing the ray. It will be now 
found that the cross can always be turned round so that one 
arm is at right angles to the axis : this therefore, being the 
le.nt elasticity possible in the calcite, represents one of the 
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polatised planes of vibration, and being at right angles to 
the axis or plane of greatest elasticity, the forces on each 
pide of that plane are equal, and this ray will follow the 
ordinary law of refraction. But the other plane of vibration 
is not now in tlie plane of the axis, or greatest elasticity, but 
oblique to it. The elasticities are therefore unequal on 
different sides, and this ray is deflected to one side or the 
other, the refracted ray not being in this case in the plane 
of incidence. 

123. Indices of Refraction. — Lastly, it can easily be 
seen that in calcite the index of refraction for the polarised ray 
whose vibrations are in every case at right angles to the axis 
must be constant, and be the highest ; whereas the index 
of the " extraordinary " ray must vary from that same index 
down to some lowest figure due to the greater ease of 
vibration in the direction of the axis itself.' In calcite_ 
the two indices are i 654 for the ordinary ray, and i'483 
for the lowest value of the extraordinary ray. But in 
other crystals (as 10 quartz, for instance) the elasticity may 
be less in the direction of the axis than in directions at 
right angles to it. In that case the general phenomena 
will be the same, but the ordinary ray will have the 
icsser constant inde\ of refraction. 

124. W^ave-Shellsin Uni-axial Crystals. — Wchave 
thus accounted for the ]ihenomena in crystals whicii have one 
axis of no double refraction. In both the cases (of whicli 
calcite is called a negative crystal, because the extraordinary 
ray is less refracted than the other, or the axial elasticity is 
greatest; while the other class are termed positive crystals) 
the ordinary ray proceeding from any point in the crystal 
would reach the same distance in any direction in the same 

■ ]t must never be forgotteo that Ihe direction of the ray 15 at right 
angles to both aels of viiraiions wc are eonsitiering. In caltile, there- 
fare, the ray ilFclf travels siauitst along the asis. 
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lime, and the wave siirrace may be represented bya spherical i 
shell. But in the cnlcite the " extraordinary " wave-shell, 
similarly formed by the terminals of rays sent in all direc- 
lions from the same point, will bea spheroid _/a//««rfi/ in the I 
direction of the optic axis ; with its flattened surfaces just 
coinciding in the centres with the opposite axial points of 
the sphere, and its extended surfaces outside the sphere. In 
a positive crystal, on the contrary, the " extraordinary " 
wave-shell will be AprolaU spheroid, of whicli the ends are 
coincident with the two axial points in the sphere, while the 
compressed surfaces are inside the sphere. The two may be 




represented in section as in Fig, 145, where the radii as they 
cut the two turves represent the respective velocity of the 
two rays ; ' and the optic axis is the perpendicular to the 
comnnon tangent of the two curves. 
As a rule, the spheroid coincides at two opposite points 

' Of couriie the longer and shorter radii anly represent the two 
velocities in tbe same precise direction. Any actual ray not passing 
along tbe axis itself must be divided into two separated by an angle, and 
these two separated radii will represent the velocities of the two halves 
of the ray. The precise geometrical construction for any given ray, s 
given by Hnyghens, will be found b any of the text-ljooks. 
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with the spherical wave-shell ; or the two "indices" corre- 
spond in one direction of the ray. But in quartz and a 
few other cry.^tals, as we shall hereafter find, there is a 
peculiar kind of double refraction in the direction of the 
optic axis itself, so that the spheroid does not reach to the 
spherical wave-shell, but is altogether contained within it. 
In this case also, however, the optic axis is a common 
perpendicular to parallel planes which are opposite tangent- 
planes to the spherical and spheroidal wave-shells. 

125. Bi-axial Crystals. — Sir David Brewster dis- 
covered that there were many other crj-stals in which neither 
ray obeyed the law of ordinary refraction ; and further experi- 
ment showed that such crystals possessed two axes of no 
double refraction. The phenomena of these crystals are 
explained on similar principles, but must be studied more in 
detail later on. In them also the optic axes are the per- 
pendiculars to planes, which are common tangent-planes to 
the two wave-shells. 

T26. Phenomena of the Tourmalines. — We can 
now readily understand the appearances presented by the 
toiirmalines and other apparatus. Considering the original 
beam of common light to consist either of vibrations in 
a!l azimuths, as at a, Fig. 137, or only of two at right angles 
\Tith each other, as at b in the same figure,^ which may, 
however, be at any angle with the horizon ; in either case 
polarisation consists in the obtaining separately of vibrations 
in one definite path only ; and " plane " polarisation (for we 

' Either hypothesis will account for most of the phenomenn, and 
with the two double -Image prisms in one position, we did certainl)' 
compoiitid one beam (f, Fig. 132) out of two rectangular planc-palarised 
beams, which cannot be distinguished b; anj test yet known fioa 
common light. Nevertheless the theory that common light conlwns alt 
niitnuths b far the most probable, and best meets certain important 
considerations. A brief smnmary of the mailer is given in the 
Appendix la this chapter. 
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shall find other kinds) means that such path is in a plane. 
The phenomena then are very easily explained. Taking 
the tounnalines as an example, the original ray a (considered 
for convenience as compounded of two planes, or polarised 
rays, together) meets the first tourmaline, b (Fig. 146), so 
placed that the optic axis is perpendicular. We have 
already learnt that the ray must be divided into planes of 
vibration, one perpendicular and the other horizontal : but 
the horizontal vibrations are all absorbed within the crystal, 
which from some arrangement of its molecules not under- 
_stood, is (when of a certain thickness) absolutely opaque 




to them. Therefore only perpendicular vibrations can get ' 
through. The ray which emerges, C, is therefore polarised, 
BDd if it meets a second tourmaline similarly placed, it wilt 
again get through. But supposing the second be placed as 
at D, all light must be stopped, as we have seen it is, though , 
by two nearly transparent crystals ! ' 

The phenomena of the double -image prisms are ' 
oqdained in precisely the same way, except that in this 
case both rays get through the first crystal. When the 
•econd prism is at right angles with the first, the ray that got 
thiOUfch the first would be quenched by the same plane of 
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vibration in the second; but the plane at.right angles wiih 
that allows it free passage. The phenomena of reflection and 
refraction do not need any further analysis ; and it will only 
be necessary, before proceeding with our experimenls, lo 
describe briefly die most convenient polarising apparatus. 



APPENDIX TO CHAPTER X. 

The VibratSens ef Common Light. 

We bavc only been able to account for the phenomena 
of polarised light on tbe supposition that the particles of 
ether moved in perfectly definite orbits ; and every exjieti- 
ment in this branch of physical optics, from first to last, 
confirms that hypothesis, which we shall see has also enabled 
most marvellous predictions to be made, afterwards verified 
by experiment. But when we p/oceed to ask, What are the ■■ 
nature or orbits of the vibrations in a ray of common or 
unpolarised light, we have propounded a question the 
answer to which is by no means easy. All that can be 
done here is to state briefly the chief results of the inves- 
tigations various physicists have made into this interest- 
ing subject,' and finally to suggest what appears the most 
probable method of reconciling the chief difficulties. 

If common light passes -through a doubly- refracting 
film it is divided into two plane -polarised beams ; and if 
these are not much separated, or sup[josing they are, if 

' It is right lo slale that great pafl of the following paragraphs 
nre main])' a condensation, recast, of the admitaUe summaiy of the 
subject given in the lost eJition of Miiller-Ponillet's Likrbuch Jer 
Physik. A translation, or version in any sense, is not pretended ; ami 
the cjndusioii is not from that work. 
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they are again united, the two togetlier behave as coramon I 
light (§ 126). This may be and has been accounted for on 
the theory that common light itself consists of two plar 
jjolarised beams, the vibrations of which are in rectilinear 
planes, so that a section of these planes across the ray 
would resemble A in Fig. 147. This seems to have been 
the belief of Sir David Brewster, and partly of FresneL 
Eut this theory presents great mechanical difficulties, 
is difficult to conceive that in any homogeneous transparent 
medium there should be any two given planes of vibration 
more than any others. Still more, either half of the ether 
particles vibrate in one plane, and half in the other, or else 
the same particle alternately vibcates in opposite planes. 




The last supposition cannot possibly be entertained; but 
even upon the other, immediattly tontiguom particles ol 
ether must be vibrating in opposite planes. This is difficult 
to explain on any wave-theory, which supposes that each 
moving particle communicates simiiar motions to contiguc 
panicles. And lastly, such a theory seems to suppose that '. 
there is really no unpolarised light at all, but solely bundle* I 
made up of oppositely polarised rays. 

Fresncl therefore adopted the theory that the vibrations of I 
the ether particles in common light took place in all azi- 
muths, but that these azimuths were assumed in maession. 
On this hypothesis, taking for clearness only a few azimuths, 
a section of the ray may be supposed to be like b. Fig. 147. 
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In adopting or describing this theory 
with such inconceivably rapid vibrations as those of light it 
is possible or probable that hundreds or even thousands of 
vibrations may take place in one plane, before they change 
into some other plane. But it is impossible, on reflection, 
to rest satisfied with any such supposition. If the vibrations 
thus remain constant in direction through any number, 
there is no reason why their direction should then change; 
and in fact whenever we have, as in a polarised ray of any 
kind, one which we krunti vibrates many times in succession 
in one orbit, we also know that such orbit of vibration 
remains stable. 

Other considerations also require us to cany our reason- 
ing further. If there be change, it must be either sudden 
(or by steps, as it were) or by insensible degrees. Obvious 
mechanical reasons are against the first supposition, and we 
are almost shut up, therefore, to the hypothesis of a gradual 
and continuous change in the path of vibration. But even 
if we suppose the elementary forms of such paths to be 
plane vibrations, such a gradual change must result in a 
curve ; and when we remember that an dliftical oibit is of 
all forms of polarisation the most common in nature,* we 
are almost driven to take elliptical orbits into our purview. 
In fact Fresnel's own conception has been modified so 
as to consist of elliptical vibrations in various azimuths, 
resembling those of c. Fig. 147, rather than the planeorbits 
of B in the same figure. Such vibrations gradually changing 
aiimuth would somewhat resemble the curve shown in d. 
Fig. 147. But the case is not only conceivable, but on 
every mechanical ground far the most probable, that any 

' Sec Polarisation ef Light, by W. Spoltiswogde, F.R.S. {Ifaturi 
Stries)y p. 6. Her al^o Defchanel's Natural Philusaphy, last page. 
• Elliptical and eirciiLir polarisation are explained in a sub^equenl 
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original elliptical vibration should not merely- change gradu- 
ally in azimuth, but also in character, gradually passing not 
only mlo circles, but also into straight lines. Such a curve 
is roughly indicated In e, Fig. 147, except that in the case 
of light we must conceive the changes infinitely more gra- 
dual, and so arranged that each recurring form {e.g. each 
recurring straight Hne) should be in a somewhat different 
azimuth. In this way we can easily not only imagine, but with 
any compound pendulum apparatus readily trace, a curve 
which shall give in succession every form represented by 
Fig. 148, which it will be seen at a glance presents every 
known variety of polarised light. 



Now such transition curves as these are actually known 
to us, being common to countless forms of acoustic appa- ■ 
ratiis. Two almost exactly unisonal tuning-forks with mirrors 
will produce them in the manner of M. Lissajous j ' and 
they also occur in the kaleidoplione, in the latter case 
especially being produced by the end of a rod in a state of 
transverse vibration. 

Many ingenious experiments appear to favour this hypo- 
thesis. Common light may by proper means be divided 
into pairs of oppositely-polarised light of either of the three 
forms — plane, elliptical, or circular. Dove received 
pencil of common light on a concave glass cone whose ] 
sides met the rays at the polarising angle. There thus met | 
at the centre, rays plane-polarised in every azimuth : the ( 
resul t gave no trace of polarisation. He then passed , 
W- 35-37- 
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common light through a swiftly-rotating calc-spar prism, 
thus producing a pencil polarised in a swiftly-rotated plane. 
Tested by a second prism, this rotated pencil showed no 
polarisation: tested, on the contrary, by the electric spark, 
it did ; thus appearing to show that what we may call Dove's 
"artificial" unpolarisad pencil differs from a natural one, 
chiefly in the greater slowness of the changes in its vibra- 
tions. Dove further caused a quarter-wave plate to rotate 
with the calcite polariser, thus producing circular and elliptic 
polarisation in all azimuths ; the sensible result was still 
unpolarised light. Finally the quarter-wave plate was fixed 
while the polariser revolved? thus producing in succession 
plane-polarised light in two opposite planes, and also 
elliptically- and circularly-polarised light of opposite kinds. 
The result was still, sensibly, unpolarised light ; but if the 
rotation was arranged so that the velocity in each revolution 
acquired two maxima and two minima^ the sensible result 
appeared partially polarised. It is also well known that if 
a beam of plane or other polarised light be dispersed, 
or broken up by passage through many substances, such 
as a film of stearine,* it loses every trace of its previous 
polarisation. 

All these considerations point to the theory which derives 
common light from vibration in some transitional figure of 
the nature shown in e. Fig. 147 ; but Lippich in 1863 started 
the objection that such curves, in acoustics, arose from 
combining rectilinear oscillations of very slightly different 
periods. Now in light-vibrations, such different periods 
would represent different colours ; and accordingly he sug- 
gested that according to this theory no absolutely homo- 
geneous or one-coloured rays of common light could exist. 
Lippich himself adopted the hypothesis that it was so, and 

^ Sir David Brewster gives a list of such depolarising substances in 
the Philosophical Transactions^ 
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that all unpolarised light must and did contain periods 
sufficiently different to produce the compounded curves. 
This hypothesis is possible, and there appears no probability 
of any experimental means being devised sufficiently delicate 
to determine the point absolutely. Nevertheless it does 
not seem to be by any means necessary. 

Briefly, it does not appear to me to have ever been really J 
demonstrated that transitional curves involve as their catisC' ' 
two different periods of rectilinear vibration,, in the particular 
case where the vibrating body is under the physical con- 
ditions represented by a point in a stretched cord. On 
the contrary, cords prepared with the most scrupulous 
care to avoid any sensible inequalities of tension or elas- | 
ticity on any side, give phenomena of the same character ; 
and countless experiments tend strongly to show that the 
character of the curve described by such points, depends 
rather on the particular application offerees to the point in the 
cord. It is quite possible to produce vibrations in a cord 
which remain nearly in one plane for a considerable period, 
and, by a different application Of force, to produce most 
complicated curves. By threading silvered beads upon the 
strings, it has been shown that different performers cause 
the same string of the same violin to vibrate in different 
curves. We even know that, SQp|)Osing a stretcJied cord or 
tjie end of a rod to be deflected radially by a given force, 
if a moment later any other force be applied tangentialty to 
the former the result must be a curve of some kind. The 
character of these curves is also affected by surrounding 
conditions ; for \t has been found by exiieriment that the 
string of an old and fine-toned violin has a very sensible 
tendency to vibrate in more simple or " closed " curves, than i 
that of a rougher, inferior instrument, thereby accounting i 
ff the purer tone. 

there are some reasons to believe that the con- 
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stitution of the ether may be such, that at any given point of 
displacement the forces acting upon it do resemble those 
acting upon a stretched cord. Moreover such vibrations 
afford the easiest and best conception of the possibility of 
the infinite number of periods and wave-lengths in a ray 
of white light. A stretched cord not only vibrates as a 
whole, but in all the segments or harmonics of which it is 
capable: and though these are limited in number in our 
limited cords, when we come to conceive a cord of in- 
finite elasticity, and of such infinite length as compared 
with any wave-length of light as we must conceive in the 
case of waves in the ether, we at once account for waves of 
all periods being simultaneously propagated along the same 
cord, as the hypothesis requires. Further, even with a 
mechanical cord of the greatest possible length, wave 
propagation (such as the transmission of a " shiver " caused 
by striking near one end) iS one of the swiftest we know 
which is capable of being traced by mechanical means. It 
is almost certain that, with molecular motions of sufficient 
rapidity to cause luminous rays, any given particle of ether 
may be, before it has ceased to vibrate under the influence 
of any given motion, influenced by another motion in quite a 
different direction. These motions may be complicated espe- 
cially by displacements of the ether in the direction of the ray 
itself. These may act upon the transverse vibrations, though 
not luminous themselves, just as transverse vibrations in a 
cord are caused by a pull at the end.^ There appears no 
difficulty, therefore, in conceiving that transverse vibrations 
may be perfectly synchronous, or produce absolutely homo- 
geneous light, and yet assume transitional forms. 

^ Professor Stokes has shown that although longitudinal displace- 
ments o the ether particles cannot give rise to luminous phenomena 
themselves, it is to some extent necessary to take them into comrideration 
in regard to certain results. 
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In any case it appears far the most probable that the 
vibrations of common light, whether thus accounted for, or 
upon Lippich's hypothesis, do take place in such transitional 
orbits as are represented (in skeleton only) by e, Fig. 147, 
and that the forces acting upon the displaced ether-particles 
in a ray of light resemble those acting upon a stretched 
cord, unhampered however by its limited ends and other 
mechanical imperfections. The capabilities of this last 
supposition long ago struck Sir John Herschel ; and it 
appears to me to cover more ground and to present fewer 
difficulties than any other. I have sometimes thought that 
it lends itself better than most other hypotheses to Clerk- 
Maxwell's, or, in fact, any other at present conceivable 
electro-magnetic theory of light, And it is very remark- 
able, to say the least, that if by means of smooth glass 
guides we compel any part of a cord to vibrate in a recti- 
linear or other fixed orbit, all other harmonic vibrations 
take place in a similar orbit ; offering thus a striking analogy 
to the stable effects of polarising a ray of light. 
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POLARISING APPARATUS. 

The Nicol Prism — Prazmowski*s Modification — Large and Small 
Analysers— Nicol Prism Polariscope — Foucault*s Prism — Care of 
Prisms— Glass Piles— The ordinary Lantern Polariscope — Simple 
Apparatus for Private Study — Norreniiberg*s Doubler, 

127. The Nicol Prism. — The tourmaline is an admir- 
ably simple polariseror analyser; and it gives a "field" of 
any angle, which makes it very convenient for "eye " work: it 
is however too small for large polarisers, and its colour is a 
serious drawback. ^ The polarisation by Iceland spar is also 
perfect ; and as this spar is as clear as glass, if we can abolish 
one of the rays we shall get a colourless and perfectly 
polarised beam. This was effected by Nicol in the prism 
which bears his name. Reflecting that the two indices of 
refiraction varied considerably (they are i '48 and i '65), and 
that Canada balsam, so much used for cementing lenses, was 
intermediate between these, he cut a crystal of spar thrice as 
long as its diameter through a b, Fig. 149, and cemented the 

^ The largest tourmaline known is in the possession of Dr. Spottis- 
woode, and is over two inches square. Strange to say, its colour and 
polarising properties are both remarkably good. It is difficult to get 
really good plates, tolerably free from colour, more than f inch square, 
and such a plate is worth several guineas. 
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sections by a layer of balsam. Then a ray c d on entering 
the spar is doubly refracted, one half more so than the 
other. The mosl refracted half finds in the layer of balsam 
a less refracting medium ; and obviously, if the angle is 
oblique enough for the respective indices, must be " totally 
reflected " to one side, and is thus got rid of. The other 
ray finds in the balsam a denser medium, and therefore 
passes through. 

Nicol prisms are sometimes made with the end faces cut 
square to the axis. These need more spar, but we avoid 
part of the reflection from the inclined faces. Prazniowski 
further improved them by making the joint with linseed oil. 
There is difficulty in baking this dry, about which there 
IS some secret : but as the " index " of the oil is nearer 



^^m: 



>f the spar, an addition to the 



than balsam to the lower one o 
angular field is gained. 

The " Nicol prism " is the most perfect piece of appa- 
ratus we possess, owing to the absoluU polarisation of all 
colours alike, and its freedom from colour. One about 
i inches long will cost from ^os, to 50^., according to 
where it is purchased, and should be fitted in a tube 
which fits and rotates on the nozzle of the objective, 
(m, Fig. i) to serve as an analyser. A large Nicol also makes 
the most perfect " polariser" ; and the cost, which is many 
pounds, is its only objection. Large spar is scarce, and 
therefore dear ; and a prism of 2 inches apertm-e requires a 
rhomb more than 6 inches long. If such a prism can be 
afforded, it should be mounted in front of the lantern flange, 
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so that the full parallel beam passes through it, and so as to 
be capable of rotation. With such a polariser, we can turn 
the lantern direct to the screen, which is a great advantage ; 
as also is the power of rotating the full beam as to its plane 
of polarisation. But, on the other hand, a large Nicol for 
analyser^ as used by our chief lecturers, I consider a mistake 
in almost every way.^ We must manifestly focus on the 
screen all the slides we employ, by a lens which will con- 
verge and cross all the rays. Now referring to Fig. 150, it 
will be seen that unless the lens be of lopg focus, the small 
Nicol, properly adjusted at the crossing point, allows every 
ray to pass through it which can possibly get through the 
larger one, however large it be ; and thus a small Nicol so 




Fig. 150. — Large and Small Analysers. 

adjusted actually saves absorption of light through a great 
length of spar. Moreover, we can adjust a small Nicol in 
this way precisely, and focus with precision by the rack and 
pinion of our objective ; whereas with a monster Nicol in 
front, both the object and the focusing lens have, as usually 
mounted, to be coarsely adjusted by hand, and much light 
is scattered about the room. Again, to ensure getting most 
of the rays through a long Nicol, a lens of long focus has to 

^ A little qualification is necessary, because in some investigations it 
is desirable to carry a beam of parallel light through polariser, object, 
and analyser, to a prism or other apparatus ; and for such experiments 
a large analyser has obvious advantages. Such experiments are how- 
ever few, belong chiefly to scientific investigation, and are not suitable 
for projection. 




NICOL PRISM POLARISCdPE 

be employed ; which either necessitates a long screen dis- 
tance, or gives a smaller image, and will hardly show any 
rings in crystals without additional and special apparatus. 
For these reasons, and after seeing experiments performed 
with large Nicols repeatedly, I adhere to an opinion based 
upon experience, that such a lantern-front as described in 
Fig. I, with a small Nicol adjusted at the right point, gives 
more light, a better disc, greater facility in manipulation, and 
superior effects in almost every way,' 

128. Nicol Prism Polariscope. — It maybe well to 
describe a projecting polariscope (which is of course capable 
of private or eye-work also, by the light of a candle or that 
from a window,) made on this principle ; and especially as 
1 have never seen an instrument which, taken all round, was 
capable of such a variety of work with so little trouble and 
such rapid facility in manipulation, especially in the dark ; a 
column of fluid, or the convergent arrangement for wide- 
angled crystals (see § i67)being added or withdrawn in twenty 
seconds. The adjustments have all been most carefuUy 
planned, several details of value being suggested from their 
own experience by Messrs. Darker, who constructed the whole 
with much care and skill from a Nicol of barely two inches 

* It b scarcely necessary to state that nothing is furtlier from the 
purpose of these pages than ony depreciation of apparatus which is the 
admiration — almost the envy — of other than the happy pos&es'ors. The 
first pair of large Nicols made for Dr, SpoKiswoode were of distinct 
scientific value, as being the precnrsora of this kiod of apparatus, never 
before made on such a scale (Ihey were about i\ inches clear aperture, 
and larj^er ones were afterwards made for the same geoLleman, over 
3I inches). And the larger a polarising Nicol can l>e secured or afforded, 
the better. But I certainly do desire to make clear to science-teachers 
and others, huw very nearly all the experiments capable of projection by 
these magnificent instruments can be equalled on the screen at a far lesit 
prohibitory cost, not altogether bejoml the means of some who might ■ 
otherwise never dream of imssessiiig such a ciass of apparatus 



I 

i 



246 



LIGHT. 



[CHAP.SL, 1 



aperture, but of great purity, made for me by Mr, Ahrens. 
The drawing is on a scale of three inches to the foot. 

B (Figs. r5i and 152} is a base-board, barely twenty-four 
inches long, and six inches wide, in which mahogany slides, 
H (Fig. 151), are secured by screws, l (Fig. 152), which 
tighten the dovetailed or rebated slides. The screws bear 
upon slips of brass fixed to the slide-bases, h, as usual. On 





I 



these bases are screwed brass standards which carry separ- 
ately the polarising Nicol, p n, the stage and focal power, 
s, F, and convergent lens system when required (Fig 152) 

The large Nicol, f n, is mounted in an inner tube, fitted 
in a larger tube — partly for appearance and partly 10 accom- I 
modate a rather larger Nicol should such ever be acquired 
To save useless weight and space, its comers are cut off in 
a hexagonal form. The outer lube carries at the end next | 
the lantern a flange, d (Figs. 151 and J59), divided into 
forty-five degrees, and at its middle four spokes, by whiLh 
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it can be rotated in collars screwed to the standards. Two of 
these spokes are bright, and two blackened, the latter also 
having a groove turned round them ; so that the polarising 
planes can be known in an instant either by sight or in the 
dark. In the same end of the outer tube screws a fitting 
carrying the concave meniscus lens, l, or a plane glass to 
protect the spar, at pleasure. The object of the lens is, 
whenever the utmost illumination is required, to reconvert 
to parallelism the converging rays from an additional convex 
lens of similar focus, mounted in a frame as an ordinary 
slide, and inserted in the slide-stage of the lantern. Thus 
a four-inch beam can be brought down to a parallel beam 
of two inches ; but usually a plane glass is employed, and 
G is another plane glass cap slipped over the smaller tube 
at the other end of the Nicol. 

The slide -stage and power are shown drawn forward ; but 
in ordinary use the end, s (Fig. 152,) is pushed up, so 
that the end of the Nicol, g, projects into s, close up to the 
slide-stage, and no light can escape. The stage and focal 
power are precisely the same as in Fig. i ; but two lengthen- 
ing adapters, and an extra lens of six inches focus, either 
lengthen the focus an inch, or by using the back lens only, 
give also foci of five inches and six inches. These are very 
seldom required. A tube for fluids, eight inches in length, 
closed by glass plates with leather washers and screw fittings, 
is borne by forked standards on a mahogany base which 
drops into the base-board, but without dovetails, and can be 
inserted at o or withdrawn in an instant ; or a flat-sided 
bottle or cell of fluid can be inserted with the same facility. 

The analysing Nicol, a n, is mounted in cork, which is 
fitted into an inner tube sliding in an outer tube. The latter, 
for ordinary work, fits into the nozzle, p, as already described. 
By the inner sliding tube the analyser can be adjusted so 
as to come as nearly as possible at the actual crossing-point 
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of the rays for various kinds of work. Much pains should 
be taken in selecting this analyser, many Nicols being cut so 
OS to waste a great deal of angular field. Various prisms 
will differ by a large percentage, and one should be chosen 
which will let through (without showing the white limit to 
the field) as large an angular pencil as possible,— or, in other 
words, which ha he v des (efficient) aperture for a given 
length. One and a h 1 nches to two inches in length of 
side is the bes ave age s e My analyser is one and a half 
inches in the s de and ha an aperture the narrowest way of 
barely § of an nch W h a focal power of about 3^ 
inches, it just clears, or shows without cut-off on the 
side, a circular slide of i| inches diameter. 

In Fig. 152, the analyser is shown with a convergent sya- 
tem of lenses for exhibiting the rings in wide-angled bi-axial 
crystals (see Chapter XV.). The first system of lenses, C, 
fits into the nozzle of f, and is provided with a circular stage 
barely three inches diameter, furnished with Uvo ordinary 
micro-stage springs. This stage will carry any crystal, 
mounted anyhow, whether in wooden slides as hereafter 
described, on ordinary micro-glasses, or in the well-known 
square German cork mounts. The second system slides 
tightly into the end of a tube carried by a separate standard 
and mahogany base ; and into Che inner end of the short 
tube bearing it can be fitted at pleasure, a cork ring carrying 
the selenite quarter-wave plate, Q (see Chapter XIV.). The 
focal power, P f, for these lenses is carried by the inner end 
of a tube sliding into ihe other end of that carried by 
the standard ; and being composed of two convex lenses 
with one concave, admits of a wide range of focus and 
consequent siie of image. The other end of this inner 
sliding tube fits the analysing Nicol The convergent 
lenses are in my instrument pairs of hemispheres. This is 
by no means the best optical arrangement ; and in any 



i 



250 LIGHT. [chap. 

other a wider angle would be secured by making the lens 
next behind each small hemisphere of greater diameter and 
somewhat larger curve. I adopted double hemispheres for 
compactness ; and the system, though constructed of by no 
means dense glass, will bring both axes of crystals not 
exceeding 50° angle upon the screen. This point will be 
further dealt with in Chapter XV. 

Besides these attachments, I have another tube, the small 
end of which fits into the nozzle of f, and carries a spring 
and slide-stage or slot, brought as near f as possible. Into 
the other end slides the tube carrying the two convex lenses of 
F F and the analyser, f f then forms an oxy-hydrogen micro- 
scopic power of i^ inches focus, or an inch power may be 
substituted. The whole light of the polariscope is condensed 
by the back lens of f upon the small slide-stage, protected as 
usual by alum-cells, either in the slide-stage s, the ordinary 
slide-stage of the lantern, or both, as required : and the 
polariscope thus arranged will project a large number of 
micro-slides — not all, but a large class which would not be 
shown at all by the ordinary power. This very simple 
attachment enormously increases the range of the instru- 
ment, bringing hundreds of cheap and easily accessible 
slides within its scope, particularly the more delicate sections 
of rock. A section of porcupine quill, for instance, one- 
fifth of an inch in diameter, can be projected at twelve feet 
distance, about 30 inches diameter. For higher powers 
there is hardly sufficient light. 

The whole of these arrangements, with Nicol, double- 
image, and thin glass analysers, fluid tube, Huyghens' ap- 
paratus, and two ordinary crystal stages, with a small box for 
rotators and any special slides, packs in a case 30 x 10 x 7 
inches ; and the base-board will carry the whole arrangements, 
described in Chapter XVI., for projecting wide-angled bi- 
axials through a tube of rotary fluid eight inches long (§ 184). 
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129. The Foucault Prism. — Foucault carried the idea 
of Nicol further ; and by employing a film of air instead of 
Canada balsam between the two halves of the prism, made 
about one-third of the spar suffice which Nicol's construc- 
tion requires. Fig, 153 shows the FoucMilt prism. The ray, 
A B, is doubly refracted as before, and one of the rays totally 
reflected ; but air having so much lower a refracting index, the 
" cut " may be much less oblique to the ray. The aim is, as 
io Nicol's construction, to let one ray pass, while the more 
refracted one meets the air at an angle of total reflection. 
Owing to the less obliquity, however, there is less " angular 
field" in this prism; that is, a beam must be nearer parallelism 




for all the marginal rays to get through— practically the 
convergence or divergence must not exceed about 8°. 
Also, the two surfaces of the film of air cause a perceprible 
loss of light by two partial reflections, even in the ray which 
does get through. This is not very great, however ; and a 
large Foucault prism is only about one-fourth the cost of 
a Nicol of the same aperture.' I have never tested I 

' Besides requiring only a third of the spar, and much ^iJar being 
available which is useless for a lar^ Nicol, there is no troublesome 
balsam -joint to make, the cut faces only needing to be polished. Mr. 
C. D. Ahrens, who has made all the gigantic Nicols for Dr. Spoltis- 
woode and others, has informed me (hat the joini of such n Nicol may 
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the matter, but am inclined to think the loss of light as 
compared with a Nicol would be about lo per cent. 

130. Care of Prisms. — Calcite is very soft, and all 
prisms made from it, of any kind, need special care. Nicols 
are often mounted with glass caps, which protect them while 
enabling them to be used ; but if light is rather deficient 
these may have to be removed ; caps should 'also be taken 
off for a few minutes in cool weather, to allow the dew 
to evaporate, which at first condenses when the light is 
turned on. If any dust or dulness has to be removed, the 
surface should be cleansed solely with a camel-hair brush of 
the finest quality. Small ones are best cleaned with a swan 
quill cut rather short; large ones require a round-nosed 
** sky-brush " of double that diameter. The application of 
chamois leather, as to lenses, would soon cover the spar with 
scratches. Another rather important point with large Nicols, 
is always to put them away with the balsam-joint standing 
perpendicularly. If one half rests upon the other, the weight 
of the top half may gradually produce " thin film *' colours 
in the layer of balsam. Mr. Ahrens tells me several fine 
Nicols have suffered for want of this precaution, and have 
had to be taken apart and re-joined. 

131. Polarising Glass Piles. — ^The next best polariser 
is a bundle of glass plates. A brass or tin elbow must be 
made, as Fig. 154, one end, n, fitting on the flange-nozzle of 
the lantern, the other end as short as possible, ending in a 
screw-collar, b, exactly the same size and thread as b in 
Fig. I, so that the objective and optical stage will screw 
into it. At the comer of the elbow is fitted the pile of oval 
glass plates, g, made of the thinnest and most colourless 
glass procurable. Ten or twelve are sufficient, but the back 

require thirty hours of unremitting attention over a fire, as it is impos- 
sible to leave the task when once conunenced, till the balsam is baked 
thoroughly hard. 
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i roust be blacked on the back, and the whole so arranged 
that the light from the condensers impinges upon and leaves 
the glass at an angle of about 56° from the normal. Such an 
elbow and bundle, with the objective screwed in, and a Nicol 
lilted on the nozzle, is the ordinary " lantem polariscope." 
It gives a large iield of polarised light, and for nearly all 
purposes the reflector is almost as good as a large Nicol; 
but it has the two disadvantages, that the lantern has to be 
ttirned off sideways, on account of the elbow angle, and 
that the original plane of polarisation cannot be rotated, 
which is desirable for some experiments. Such experi- 
ments are, however, very few. To meet this objection. 



I 




some have employed a glass pile, working by the trans- 
mitted light, which can be mounted and rotated just like 
a Nicol. This meets the objection just stated, but has 
another — viz., that it is difficult to get «/»//«/? polarisation 
in this way. If a refracting bundle iS-employed, not less 
than eighteen plates should be used, and the angle should 
be somewhat greaSer than the polarising angle, by which 
nearly all unpolarised light may be reflected and so got rid 
9f. The greatest fault of such a pile so used, however, is 
that it usually gives a perceptible green colour, owing to the 
thickness of glass. The " ten or twelve plates " often men- 
tioned, do not polarise the whole beam by a great deal. A 
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reflecting pile yields about 20 per cent less light than a 
Nicol of equal field. 

It is well to have an additional glass analyser, (Fig. 155,) 
formed of eighteen or twenty pieces of microscopic thm 
glass, G, placed at the proper angle in a tube which fits at n 
on the nozzle of the objective. An aperture, r, in the side 
of the tube, allows the reflected ray also to be used For 
reasons already given, such an arrangement is not equal to 
a Nicol ; but it gives a larger field, is very instructive and 
interesting in throwing complementary images of all pheno- 
mena on screen and ceiling, and will do thoroughly satis- 
factory work for all to whom 30X. or sox. for a Nicol prism 




Fig. 155.— Thin Glass Analyser. 

may be an object. In fact, a glass reflector and thin glass 
analyser are within the reach of any one who can work 
in brass.i 

132. Table Apparatus. — For merely private study very 
cheap and simple apparatus will suffice. Make a shallow paste- 
board or wooden tray, a (Fig. 156), i inch deep, say 7 inches 
by 4 inches. Drop into it thin glass plates to within \ inch of 
the top, cleaning them well, and blacking the back of the 
bottom one. Cut two wooden or pasteboard side-pieces, 
E, united across the top by another piece, d, and fill in the 
ends by a piece of ^.^««//-glass, b, 4 in. square, and another, 
c, of ^/fd^r glass the same size. The light will fall on the 
ground-glass as shown by the arrow, if it is turned towards a 

^ My owtLjirst glass analyser was fitted up by myself, and used, in a 
pasteboard tube. 
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lamp or the window ; will be nicely softened and scattered, 
and polarised by the pile in the bottom ; and the objects 
can be laid on the clear glass at c to be examined by the 
small pile of microscopic glass, p, contained in a round or 
square cardboard tube.^ The lantern polariscope already 
described also makes a capital "table" polariscope if a 
round disc of ground-glass, to soften the light, be fitted into 
the end, n (Fig. 154), which goes on the flange of the lantern. 
It will be found that the lenses pleasantly focus the objects 
in the slide-stage, which are examined by looking in through 
the analyser on the nozzle. 




In fact, a small Nico!, or tourmaline, or pile of thin 
micro-glass fixed slantwise in a tube, as analyser, and the 
light reflected from any glass plate, or the top of a maho- 
gany table, as polariser, will suffice for many experiments. 

133. Norremberg's " Doubter."— There is one form 
of polarising apparatus which is so useful if the student does 
any personal work with thin films, as to need special men- 
tion. As designed by Norremberg, it is as in Fig. 157, 
where the ray of light, shown by the arrow, is reflected at the 
polarising angle from the sing/e plate of glass, f, perpen- 
dicularly to the horizontal piece of looking-glass, m. It is 
ihence reflected perpendicularly upwards, passing this time 

* A aheap polaiiscope, constructed on Ihis principle, Is ^old for &. 
by Mesirs, Griffin imd Sont, Garriclt Lane. 
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through the polarising plate to be examined by the Nicol, 
or other analyser, at n. It will be obvious that if the 
object be laid on the stage at e, the phenomena are as 
usual. But if it be placed between the polariser and the 
looking-glass, at d, the polarised ray has to pass twiu 



? 




Fig. 157.— Norremberg's Doublet. 



through the film or object to be examined, which is equi- 
valent to doubling the film in thickness. The use of this 
" doubling " in ascertaining the thickness of thin films, will 
appear in the next chapter; and there are other peculiar 
uses of this form of apparatus. A very simple construction 
will answer all real purposes, however. Knock out the oppo- 
site sides F and b of an oblong box — such as a cigar-box 
— and on the remaining sides fix guides for the polarising 



plate, p, at the proper angle with the perpendicular. On 
one end, k, lay a piece of good looking-^lasa the size of the 
end ; and in the other end cut a hole in which the Nicol, a, 
Qalyser, can be rotated {Fig. 158). The object can 
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be held between p and r, or even laid on the looking-g 
itself in many cases. For most purposes of the " doubler " 
no focusing lenses will be required. I have even laid a 
piece of looking-glass on the table, and arranged over it a 
plate of clear glass at the proper angle by means of the 
Bunsen universal holder (Fig. 1 2), holding the Nicol in niy 

NOTE ON ARTIFICIAL NICOL PRISMS. 
The second half of a. Nicol liaving no doubly -refracting effect, I bxve 
BOinetinies thought that large spat might be made to do double duty by 
making (he itecond half of g!ass of the proper density. MM. Jamin 
and Soldi have emj>loyed an oblong cell with glass ends filled with 
Mtnilphide of carbon, across which vns slanted a mere Clm of calcile. 
Hie bisulphide tni^C be brought to exactly (he higher inde.^ by benzol, 
and it will be seen that ivith this apparatus the action of the Nicol is ] 
precisely revenicd, the total reflection taking place in the caicite. 
though theoretically perfect, this appOratas is dangerous, owing to the 
htBX of the lantern. 




CHAPTER XII. 

CHROMATIC PHENOMENA . OF PLANE-POLARISED LIGHT.— 
LIGHT AS AN ANALYSER OF MOLttCULAR CONDITION. 

Resolution of Vibrations — Interference C6lonrs — Why Opposite Posi- 
tions of the Analyser give Complementary Colours — Coloured 
Designs in Mica and Selenite—Denionstrations of Interference- 
Crystallisations — Organic Films — £f!^ts of Strain or Tension- 
Effects of Heat — ^and of Sonorous Vibration. 

134. Resolution of Vibrations. — ^We could have 
formed no conclusion as to the precise orbits of the mole- 
cules of ether in our polarised waves, apart from the pheno- 
mena ; but if we have rightly interpreted these, then any one 
acquainted with elementary mechanics and the " resolution 
of forces " will see that we can test such a theory by experi- 
ment Dealing with motions whose direction we are supposed 
to know, if we are correct we can " resolve " those motions. 
Talking a perpendicular plane of vibration, for instance, and 
supposing our ether-atoms move solely in the plane orbit 
A B, B A (Fig. 159), if we interpose a plate of crystal which 
only permits of vibrations in the directions b c, b d, the 
perpendicular plane must be resolved into two planes at an 
angle of 45° with the original plane. 

It seems evident already that we have done this, from the 
duplication of our images when the two double-image prisms 
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were at an angle of 45° with one another, and from the 
transmission of half the light through our two tourmalines 
at the same angle. But if we are right, the two oblique 
planes must be also capable of resolution in their turn, by 
the analyser, into perpend iciilac and horizontal planes ; and 
when our polariser and analyser are crossed and the "field," 
therefore, quite dark, if we interpose between them a 
tourmaline at 45° we ought to restore the light. Cross 
therefore the Nico! or other analyser till tlie screen is dark. 
and insert the rotating tourmaline. Sure enough, as we 
rotate it, though the tourmaline is really a brown tint 
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mounted on a clear glass, it appears as a light image on tht 
dark field. 

We have, however, learnt that the tourmaline stops one 
of the rays, and we wish to see beyond doubt if the original 
plane really is resolved into two planes. We therefore want 
s slice of some crj-stal which allows both halves of the 
doubly-refracted ray to pass, and either selenite or mica is 
convenient, as splitting easily into thin plales, which contain 
both planes of vibration at right angles to a ray transmitted 
through them. A crucial test suggests itself. In f. Fig, 131, 
we re-compounded inte beam out of the two beams from our 
first doubly refracting prism. We see, on reflection, that if 
each of the first two beams is really again 
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properly adjusted film into two, vibrating in planes at 45* 
angle with them, that is no longer possible, and there must 
remain at least three images. We find, then, by experiment 
with polariser and analyser crossed, the position of the slice 
of selenite which still leaves the field dark, and which, of 
course, gives us its polarising planes. We then mount a 
circular disc of it in a position at 45® angle with that, in a 
wooden, slider an inch wide, and 4 inches long, with a 
circular hole in the centre for the slice, protected between 
two discs of glass. With the two double-image prisms 
giving the single beam f, we introduce the slider into the 
slit s provided for it in our Huyghens' apparatus, Fig. 131. 
Our expectation is justified to the letter ; for thret images at 
once appear on the screen. 

135. Interference Colours of Polarised Light- 
But here we have another beautiful phenomenon. If the 
slice of mica or selenite be thin, these are coloured images, 
and each pair presents complementary colours ; for if the 
images overlap anywhere, we get there white light These 
coloured images are singularly beautiful as the front pristo 
is rotated ; and that is why the Huyghens' apparatus was 
recommended to be arranged as described. 

We can readily understand, this colour. In every bifiir- 
cation of the ray, it is doubly refracted because of unequal 
elasticity, and one ray is more retarded than the other. We 
can " see " this in a large piece of Iceland spar, for one of 
the images of a black spot seen through it appears nearer 
than the other. The two rays, while they vibrate in planes 
at right angles to each other, cannot of course interfere ; 
but the analyser brings portions from each again into the 
same plane. Now in the rigid plane orbit of our original 
polarised beam we have that identity of origin we have 
already learnt (§ 96) is necessary for two rays to interfere ; 
and in the absolute plane into which the rays separated by 




the selenite are again united by the analyser we have that 
idettiiiy of path, or nearly so, we also found to be necessary. 
We bring together again, then, into tlie same plane (that 
of the analyser) two originally identical rays, one of which, 
during separation, has got bt^hind the other in passing 
through Ihe film by a given distance, depending on the 
thickness of the fihn of crystal. But whilst in reflection 
from a '' thin film," one ray is retarded by twice the 
thickness of the film; in this case one ray is retarded 
by the difference in velocil)', whilst both traverse the same 
film. Of course a much thicker film is required in this 
latter case ; and, of course also, the greater the difference 
in the two indicss of refraction, the thinner the film must 
be to produce a given colour. Too great a thickness, of 
course, gives no colour ; for the same reasons too thick a 
" thin film " gives none {§ loi). 

136. Cause of Complementary Colours. — To ex- 
plain the " complementary " colours, we must take into ac- 
count the direction as well as the plane of vibration of t!ie • 
ether-atoms, at each moment of bifurcation or resolution into 
two planes at 45° angle with their path at that moment. Let 
us suppose the original plane-polarised ray a, Fig. 160, is at 
the phase when the atoms are moving downwards when it 
meets the selenite with ils planes at 45°. The bifurcated rays 
must obviously travel in the directions u and c. Now n, when 
again resolved by the analyser, must lake the directions d and 
E, and c of F and g. A double-image prism would transmit 
both, but by our Nicol analyser when crossed or parallel one 
plane or other is stopped. It is readily seen that when in 
the position which allows the two perpendiailar vibrations 
to get through, these two (d f) are in the same phase of 
their orbits, and so coincide with or strengthen each other; 
Jmt if the horizontal vibrations get through, e and g are in 
^^Bfrurv'phases, or destroy each other. However, therefore^ 
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the two sets of waves come together in one position of the 
analyser, as regards any colour, that colour must meet in 
exactly opposite phases in the other position, at right angles 
to it. If the two waves are exactly destroyed in one, they are 
fully combined in the other ; if half destroyed in one, they 
are half reinforced in the other, and so on. Therefore the 
totals must result in complementary colours.* 

It is further evident from this, that in addition to any 
retardation or difference of phase due to the difference of 
velocity in the two rays while passing through the doubly- 
refracting film, when the polariser and analyser are crossed 
there is an additional difference of phase of half a wave 
lengthy since e and g, irrespective of any thickness of the 



I 



F 



\V 




Fig. i6o. — Resolution of Vibrations. 

film, are in opposite phases. We shall see that this fact is 
of great assistance in accurately measuring films (§ 137). 

It is also evident that if the analyser is turned round 
45**, there can be no colour, because, of the two rectangularly 
polarised waves from the film, one passes through the 
analyser unchecked, and the other is stopped. Similarly, 
when the planes of the film coincide with and cross that of 

* It will be seen in a subsequent chapter that the rectangular vibra- 
tions emerging from the film are chiefly compounded into circular and 
elliptical orbits. These are, however, again resolved by the analyser 
into rectangular planes ; and the student will easiest grasp the subject 
at this stage by confining his attention to this simpler representation 
of it. 
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the polariser, there is no effect at all, the plane- polarised ray j 
jjassing through unchanged, as if the film was not there. 

137. Coloured Designs. — A film of varying thickness I 
must of course give varying colours between the limits of I 
colour. A thin slice split irregularly from selenite soon shows [ 
that this is so ; and thus if we have designs ground away of I 
various thicknesses, we may form stars, butterflies, flowers, 
birds, &c., of their appropriate colours, which they owe to 
nothing but the interference of polarised light ! Such de- 
signs are prepared at all prices from 3^. 61/, to 3/. 3^. in 
selenite, and there is a strange fascination about them, I 
changing as they do to complementary colours at every 
quarter-revolution of the analyser, and giving, as explained, 
no colour at all when that is at an angle of 45°. A plate J 
ground concave gives of course "Newton's rings," and | 
a plate ground slightly wedge-shaped must similarly give - 
straight parallel coloured bands. Such wedges may be 
ground with water on very fine ground glass, and afterwards 
mounted in balsam between two glasses. Smaller reductions 
of thickness may be ground in selenite with the rounded 
end of a slate-pencil and some putty-powder, and polished 
with more putty-powder on a piece of wash-leather. 

But the best crystalline film for students is mica, the same 
as used for gas-light covers, and quite a quantity of which 
can be bought for a few shillings. Choose a slab as clear 
and even as possible. This splits easily— almost too j 
freely — into thin laminje, and is easily cut through by » I 
penknife. Such stars, of different colours, as a, and such ^ 
concentric circles as b, Fig 161, are therefore easily made 
by cutting through a small thickness, and splitting off a film 
from each ray or circle. They can then be mounted in 
frames; and though the smokiness of the mica when made 
in this rough and thick way makes them rather inferior to 
selenite, the efl['ect is still good. Again, tnica is easily 




scraped away with a penknife to gradual thickni 
hence simple designs of tulips, fmit, &c., are pretlj«' 
made, keeping the mica meantime on such a table pCli 
scope as is shown in Fig. 156. Where scraped, the dry: 
appears semi-opaque ; but when mounted in balsam tbt 
quite disappears, and all is clear again. 

A very much better way, however, is to first split the ntj 
into lery thm even films, as large as po'isible They can/ 
split so thin thit the retardation is onlv one eighth of awffl 
length , and one quarter is easily obtained Then 
found and marked on the sheet the polarising planes, 




designs can be cut out with sharp scissors, to he superposed aa 
one another, on the principle tliat every added film, as super- 
posed with the polarising planes in proper position (§ 138) 
will alter the colour. In this way very attractive geometric^. 
designs are easily made, which have the advantage over 
those described above of showing sharp and clean edges, and 
are mtich clearer owing to the smaller thickness of r 
required. These thin films are best mounted in balsam 
benzol,^ only superposing four or five at a time, and letting 
ihem dry a little before adding more, or putting on the 

' The "balsam and beniol" sold by opticians cannot always be 
depended u]>oii lo dry. The proper fluid is made by baking oM 
lialsam in a wide vessel, in a slow oven, till it is as dry and hard 
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covering glass ; otlierwise the films slip about and spoil the 
preparation. I was indebted for the knowledge of this 
method to Mr. C. J. Fox, F.R.M.S. ; and as an example 
of what may be accomplished by it, may mention a beauti- 
ful slide which, by means of twenty-four superposed films, 
each y'j^ inch shorter than ihe one beneath it, gives the first 
three orders of Newton's colours, each divided exactly into 
successive | wave-length retardations or divisions. (Plate 
IV. A.) Such accuracy in the thickness of the films must be 
attained by trial in Norremberg's " doubler." Obviously 
two plates of \ wave retardation, superposed the same way, 
must make a quarter-wave. The " doubler " makes this equal 
to a /(fl^ wave. And the crossed Nicol (§ i36)gives another 
half-wave. But the whole wave is known by almost perfect 
transmission, while half-wave retardation is known by almost 
perfect extinction, leaving only a dull " transition-tint " of 
reddish plum-colour between the first and second orders 
of colours. If therefore two films, on the mirror of the 
" doubler," with analyser parallel, give this tint, and it is 
known by the general " feel " of the films to be between the 
first red and the adjoining blue, they are known to be 
i wave films. 

138. Demonstrations of Interference. ^That the 
colours really are produced by the greater retardation of one 
ray in the film, and subsequent interference, may be proved 
by several independent methods. First, we can easily stop 
one half of the bifurcated ray. Place in the stage any 

pitch, and will chip into flakes. It is then 10 be dissolved in bcn/fll 
Ipuriss), A drop or two \s usually sufficient betuecn each iilm, put on 
in the centre. When the preparation is Unished, it must he left fur 
sent* dayt kt/ort iaiing ; a week is not too long. This is the only way 
to avoid hubbies. It can then be baked in an oven, or on the hob, 
till dry. The mounting makes the fine scratches, &c, invisible. Only 
a small weight or prcwure must be employed, or the fihos will be 
diipkced, and air may enter when the pressure is removed. 
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alide — say a concave Newton's ring slide. The rings being 
at their brightest, and with the analyser exactly crossed, 
introduce, in front of the selenite, the rotating tourmaline ai 
an angle of 45°. This stops by absorption one of tbe two 
oblique rays into which the original polarised beam i 
divided ; there are no longer two rays to be brought into 
interference, and accordingly, over the area covered by the 
tourmaline, the colours disappear. 

Secondly, we may retard the other ray, and thus bring 
the two again into coincidence. If one ray be retarded in 
the selenite more than that vibrating at right angles to it, ii 
is plain that, taking two selenites of equal thickness, if both 
are superposed the same way of the crystal, the colour mi 
be that of a plate equal to the sum of both ; but that if o 
be turned round 90°, the retardation of one ray by the first 
must be neutralised by the second, and no colour at all pro- 
duced. If we place two similar films in the stage, in 
two difTerenC separate positions, we find that it is so; and 
similarly, if the films be of different thickness, the colour 
will be in one position that of their sum, and in the other 
of their difference. A more striking demonstration is fur- 
nished by rotating a wedge over a similar one. The colours 
differ remarkably according to their positions ; black (when 
the analyser is crossed) being necessarily produced wherever 
exactly the same thicknesses come into rectangular positions, 
and so causing in one position a black diagonal line. There- 
fore if a concave plate be rotated over a convex plate, the 
phenomena of the rings vary in a beautiful manner, black 
circles appearing in certain positions ; or an even film of the 
right thickness, rotated over the concave, will give the same 
beautiful phenomena. Again, if a film of even colour is 
rotated over a star, with the points in different positions, the 
colours of the points are affected very differently, and in what 
appears (seeing the rotated film is the same thickness all over) 
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a most wonderful manner, till we understand the reason. 
The most instructive and pretty demonstration of these re- 
versed or counteracted retardations is, however, furnished by 
two precisely similar "step" wedges built up on Mr. Fox"^ , 
plan, out of films ^ wave to \ wave in thickness,^ The 
glass discs of the polariscope will nicely take a wedge ij 
inches long by i inch wide, and this breadth is conveniently 
divided into eight steps ^ inch wide. It is sufficient if each 
(orresponiiin^ step in the two wedges is cut from the same 
film. One wedge being mounted in wood, and the other 
used in the rotating frame, when one is superposed on the 
other with the polarising planes in same positions and the 
thickest part of one over the thinnest in the other, we have 
an even colour. When the two thickest sides are superposed 
in the same positions, if the planes are parallel the tints 
grade with double the amount of difference in colour ; if 
the planes are crossed there is no colour at all. When the 
wedges themselves are crossed, in one position there must 
be a central diagonal row of black squares, the other squares 
giving a beautiful chequer pattern of various colours. And 
when the rotating wedge is diagonal, there will be a pretty 
pattern of backgammon points. Two wedges built up of 
similar even films thus offer one of the most fascinating and 
instructive polariscope combinations. (See C, D, Plate IV.) 
Or should the student have sufficient skill and patience 
to build up a wedge of 24 \ wave films, if a single film be 
superposed on it with its principal plane crossed, and 
of a thickness equal to the middle stripe, it is plain that 
middle stripe must be black ; and as on each side of it each 
stripe must present an equal difference or essential thickness, 

' The first few i wave thicknesNCS giving poor colonrs^anly pale 
fawna and blue .greys— the broadest or foundation film of the wedge 
should be tbicker, choosing the thinnest which givei a fnirly pleasing 
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the coloured stripes will be symmetrically arranged on each 
side of the black one.^ (Plate IV. B.) 

Lastly, we can prove the cutting out of certain coloun 
by interference, by our never-failing method of spectrum 
analysis. Place a slit in the stage with a film which shows 
colours, and pass the light from the analysing Nicol through 
the bisulphide prism. There will be crossing the spectrum 
one or more dark interference bands — more with a thicker 
film : in fact as the film increases, more and more bands 
appear in various parts of the spectrum, just as in the light 
reflected from a film of mica (§ loi), and showing in the same 
way how with a certain thickness we fail to get colour. This 
is well shown by subjecting a wedge to spectrum analysis, 
a slit being placed in the stage, and the wedge, with its 
bands perpendicular, gradually advanced over it from the 
thin edge to the thick one. It will be seen that, as the 
thickness increases, a greater number of the interference 
bands cross the spectrum (Plate IV. F\ F^, F^), as we should 
expect, accounting for the paler colours. It is also seen, as 
before, that in contrary positions of the analyser, the bands 
occur in complementary colours. The two complementary 
sets of bands are easily shown together by using a double- 
image prism as analyser, with the two images of the slit 
perpendicular. The slits will then overlap in the middle 
of the double image, giving there a white slit and complete 
spectrum ; while the two complementary spectra will appear 
at the top and bottom. (Plate IV. E.) Lastly, if the slit be 
adjusted so as to cross the centre of a concave film giving 
Newton's rings, and the slice of light be analysed by the 
prism, we get again exactly the same interference bands 
shown in Plate III. B. 

1 It may be doubted if such accuracy is possible. It is what I have 
seen produced by Mr. Fox*s own hands, and have repeated myself with 
i wave films. 
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I 139. Crystallisations. — Another beautiful series of ob- 

jects showing gorgeous colours in the same way are crystalli- 
safians,{iom thin films of various solutions (lowing over glass 
' discs, and then crystallised by evaporation. The only 
I difficulty is to obtain the right thickness, as both too thick 
' or too thio give little or no colour, though light and shade 
effects can always be had as the analyser is rotated. For 
this reason, what are called " superposition films " are very 
usefuL These are thin plates of mica or selenite which 
give uniform colour {such are easily split from mica) 
mounted between two glasses. One which gives blue and 
yellow, and another red and green, should be provided ; 
then a film -of crystals, or anything else which shows no 
colour by itself, will give great variety when superposed on 
the film. There is a sameness about the colours produced 
by this plan, however, inferior to a slide which can show its 
own colours. A good arrangement for making crystalUsa- 
tions by evaporation is shown in Fig, 1 62. On a wire tripod is 
placed one of the glass candle-chimneys so common, 3 inches 
diameter, and on the top of this is laid a square metal plate, 
not quite covering the chimney, having in the centre an aper- 
ture nearly as large as the glass discs, with three little projec- 
tions bent up -^ inch from the inner edge to keep the glasses 
in place. A spirit-lamp underneath gives a steady and 
calculable heat, adjustable by raising or lowering it. A 
saturated solution is not always best ; often one mixed with 
equal bulk of water does better, and sometimes a little 
alcohol added helps effect. Great interest will be found in 
preparing slides with weaker or stronger solutions, and less 
or more heat, which will often entirely niter tlie character of 
the crystallisation. Thus a solution of tartaric acid evapo- 
rated in the cold often crystallises in long straight lines, and 
in the sun in "stars ;" whereas, when evaporated over the 
tamp, it gives irregular facets, very beautiful on the screen, 
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and larger as the heat is greater. Salts which give a pattern 
too small in this way, may often be made to give much 
larger crystals by dissolving gelatine or gum in the saturated 
solution, and evaporating in the cold. The following are 
good polarising salts : — Tartaric acid, and most tartrates; 
citric acid, and most citrates ; oxalic acid, and most oxa- 
lates ; borax ; chlorates ; many nitrates ; picric acid ; sul- 
phates of copper and magnesia, and the two mixed; mosi 
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of the alkaloids and their salts; sugar — but in fact the list 
is interminable. Cubic crystals, being of equal symmetry 
and elasticity in all directions, do not polarise, unless indit- 
ing the film of crystals becomes subjected to tension, as it 
sometimes does (§S i^i, 141)- 

One of the prettiest crystals is salicine, which gives au 
enormous variety of effect, according to how it is treated. 



Some salicmes I have prepared have been particularly ad- 
mired for their gorgeous colours and size of the crystals. 
They are attained by dissolving the substance in one part 
alcohol to four parts water, made rather hot, and saturated. 
Pour a good layer of this fluid on the glass, and evaporate 
quickly with rather a strong heat ; the salt then melts in its 
own waterof crystallisation, and beautiful crystals soon begin 
to form. The heat then needs humouring in a way only 
experience can give, else crystals already formed may be 
re-melted and the slide spoiled ; but when all goes well the 
result is simply glorious, the whole slide being covered with 
circular crystals showing sectors of colour like miniature 
" Newton's discs," and each, when the analyser is crossed, 
exhibiting a black cross. (Frontispiece, A.) The same film, 
cooled and breathed on whilst the crystals form, gives quite 
different phenomena, and a thinner film different again. 
Almost every operator has some littie secret of his own ; 
and one of my correspondents sent me a slide of the small 
sort of singular beauty, prepared with gelatine. The effects 
range from discs yV of an inch to i inch in diameter, of 
any colour, or black and white, according to the thickness. 
Citrate of magnesia may be made to give very similar discs. 
Chlorate of potass crystallises in square tablets; nitre in 
long thin prisms which appear as a network of coloured 
threads. To get this latter effect the solution must be rather 
dilute, and after the disc is covered, all the solution that will 
go, jerked off; then left to evaporate in the cold. Most of 
the salts may be either mounted in balsam or simply covered 
with another dry glass and mounted with red putty in wooden 
frames, choosing the best positions before fixing. Deli- 
quescent substances, like tartaric acid, are belter in balsam. 
Another class of beautiful crystallisations is formed by 
meiling the substance between two glass plates. Make a 
pair of spring-wire forceps, like Fig, 163 ; then put some of 
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the chemical between two clean plate glass discs, and hold 
in the forceps over a spirit-lamp : or over the chimney of an 
Argand gas-burner is not too hot for some. Care, of course, 
is needful not to crack the glasses. Most of the substances 
that crystallise well in this way are of the '* organic " class, 
and some require a very thin film, which must be obtained 
by putting down the two hot glasses on a blotting-pad, and 
with thick padded gloves working close together till the 
film is nearly ready to set. The following I have found to 
make fine slides in this way : — Cinnammic acid (gentle heat, 
very thin); succinic acid (rather strong heat, very thin); 
cinchonine (moderate heat and thickness) ; santonine (fair 
thickness). This last gives very various effects, some slides 




Fig. 163.— Spring Wire Forceps. 

showing a rough " ferny " pattern, while others are smooth 
in appearance. The most brilliant of all in colour, how- 
ever, is benzoic acid, and it is also the easiest. It usually 
crystallises in long straight crystals (Frontispiece, B) ; but 
with a thinner film and very flat glasses I have obtained 
exquisite " ferns." * 

^ Micro-crystallisations, as a rule, do not answer for the lantern. 
The microscopist desires perfect crystals on a small scale, whereas, on 
the screen, these would hardly show. For the screen, or the low power 
of a table polariscope, we want a much larger ''pattern," and brilliant 
colour, even at the expense of what a microscopist would call coarse- 
ness, but which on the screen does not appear so. Many beautiful 
cry>tals are available for the microscope which are useless for the table 
polariscope or the lantern, such for instance as the platino-cyanides. 
Microscopic crystallisations can be purchased in immense variety for 
a shilling each. Quinate of quinine and quinate of lime deserve special 
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benzoic acid inelted is especially convenient for a beauti- 
ful experiment. It melts at very moderate beat ; and by 
preparing a wooden frame into which the double glass plate 
can be slipped and secured by a dovetailed slide while hot, 
crystallisatioti may be shown proceeding upon Ike screen ; and 
the effect as the crystals shoot out in the most gorgeous 
colours is exceedingly beautiful. Cinnamic acid and the 
others crystallise with the same facility, but it is difficult to 
get the right thickness to show colour by this method, while 
benzoic acid never fails. Another attractive experiment 
of this sort is to place between two warm glasses a saturated 
io///n^ solution of silver nitrate. As this cools crystals form. 
The same slide when heated will re-dissolve the crystals, and 
is then ready to repeat the experiment. A correspondent 
informs me that a strong solution of urea also answeis well 
for showing the process of crystallisation in colours upon 
the screen. 

Many mineral sections show fine phenomena. Granite 
shows very well. Agate, if properly cut, polarises beauti- 
fully. Perthite is another good section. The prettiest I 
have seen, or possess, is a section of Zeolite, one of the 
hydrates of lime {Frontispiece, C). 

140. Organic Films. — -Most organic structures, having 
a decided "grain," are more elastic in one direction than in 
that at right angles to it. Hence, such as are transparent 
enough are doubly refracting, as wood would no doubt be 
if it were clear. As it is, some sections will polar 
most of them are too opaque. The " grain " must, of 
course, for reasons we have seen, be placed at about 45° 
angle with the planes of polarisation to give the best effect. 
A quill pen thus placed in the stage shows beautiful fringes 
of colour ; but it is belter to cut off the barrels of two pens. 
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slit them both up one side, and boil for an hour or two. 
They then become quite soft, and can be rolled out and 
dried flat between two of the glass discs, which they neariy 
cover, and make a fine slide. So does a sheet of horn, 
'such as is used for stable lanterns, and which can be bought 
for a few pence. So will a piece of bladder, if of the right 
thickness to come within the colour-limits ; or a few large 
fish-scales or gill-plates. Shrimp or prawn shells, soaked in 
turpentine and then mounted in balsam, polarise well. If 
the thickness is not quite right for colour, this can be brought 
out by a superposition film. When any one is known to 
care for such things, objects sometimes " turn up " ; for 
instance, a friend once made me a present of a large 
human nail, placed at his disposal by an accident. This, 
boiled and flattened and scraped to the right thickness, 
made an interesting slide. 

141. Effects of Strain or Tension. — If double refrac- 
tion and its consequences be really due to unequal elasticities, 
we can readily demonstrate the fact by subjecting to unequal 
stress substances which in their natural state are homo- 
geneous, and therefore show no double refraction. Thus, 
annealed glass, being of equal elasticity in all directions, 
does not polarise ; but by making the elasticity unequal, 
it can easily be made to do so. Make a brass frame like 
Fig. 164, the size of the wooden slides, with a square-headed 
screw by which, with a X'^^^^^^^ ^^y> strong pressure can 
be brought to bear through the centre in one direction,^ the 
glass abutting against a convexity, a, opposite the screw, and 

^ Such pressure -frames are usually made by opticians with a thumb- 
screw, and flanges to keep the glass in place. But the chromatic ejects 
heighten with the pressure ; and as the glasses only cost about 2d, each, 
I prefer the T"key» alld **put on" all I can, usually till I break 
the glass. The effects are far finer with this extra power, and best 
just before the smash comes.. 
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ig protected from tlie grinding of the screw by a convex 
ding, c, of brass or copper. At the least touch of the screw 
ble refraction is shown by fringes of colour, and as tbe 
in increases the effect is gorgeous beyond description 
ite IV. H). Then " unscrew " the objective a little in the 
ar, so that the glass and frame can be turned to 45° angle 
1 the planes of polariser and analyser. The effect now is 
.lly different, but equally beautiful. Ne^t put in two bits 
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copper or brass, b b, in the coriiers of the frame opposite 
screw, and abutting against them an oblong piece of 
is. The strain now is different, resembliug the breaking- 
d of a bridge. It will be seen how the coloured figures 
) differ, and how exactly the " lines of strain " are 
ically represented on the screen. 

Jther transparent substances will give the same effects. 
giftss trough, made the siy.e of a slide, open at one 
' and filled with clear cold jelly, will show beauliful 
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phenomena if a rectangular piston is pushed in at the end 
so as to compress it. So will a ** glycerine jujube/' if 
compressed in any manner; but a still better plan, if a 
slab from which the lozenges are cut can be obtained, is 
to tie back the studs of the optical-stage, pass the slab 
of elastic matter through, and extend it with the two 
hands, of course at an angle of 45° with the polariser 
and analyser. A strip of thin transparent india-rubber 
will show similar phenomena when stretched. If neither 
is handy, soak some gelatine in cold water for a few 
hours, and then melt it with about two-thirds its weight 
of glycerine, and pour out upon a smooth stone or iron 
slab, greased, to cool. The composition will be something 
like that printers use for their rollers, but clearer ; and an 
oblong slab passed through the slide-stage (kept clear by 
tying back the studs), and stretched, gives beautiful colour 
phenomena. Not much time must be wasted over such 
compositions, or jelly, or they will melt with the heat of 
the lantern, unless this is absorbed by an alum cell. 

Heat applied to glass produces the same effects, owing to 
its expansive powers. Even one of the plain glass discs, 
fixed with a spring wire in one of the frames and held 
momentarily on alternate sides (so as not to crack it), with 
its centre over a small spirit-flame, will show a black cross, 
and transmit light through the rest when the analyser is 
crossed. But much better effects than this can be obtained. 
Make a "shell" of sheet-iron, like a b. Fig. 165, with a 
square hole in each side, \\ inches square, the parallelo- 
gram measuring 4 by 2\ inches, so as to go in the slide-stage. 
A little bit turned over from top and bottom at a a, one 
end, makes a " stop " for adjustment. Cut a piece of wood, 
c c, such size and shape that the edge of one of the thick 
glasses made for the press just described "jams" in the 
shallow notch, ard when wood and all are pushed in against 



the end stop, a, the glass stands central with the apertures. 
Fit a small bar of iron so as to slide in over the top edge of i 
the glass. Having adjusted all except the bar of iron in 
stage, and made the iron a dull red heat, slide it in over the 




; at once fringes of light and darkness, and presently of 
colour, spread over the screen.^ 

' The private student needs no cigensive apparalna for this class of I 
experiments. As a boy, a. qairter of a century ago, 1 first made the I 
abuve etpcriaienl in the following manner. A dinaer plate was 
verted on a bare polished mahognny table, and on this was laid a rather J 
masMve square bar of beated iron. On this wis " stood on edge " 
I'inch square of plate e'^ss, its edges ground llat on a Etone with suld J 
and water. The table acted as polariser, and a few slips of glass I 
placed in the card case of a ttiedicinc-bollle as analyser. 1 do not I 
think I have ever experienced such pleasure fiom any experiment since, f 
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In glass made red-hot and suddenly cooled, these beautiful 
effects are permanent. Such are called chilled or imannealed 
glasses, and cost from 45. to 75. dd, each, of various sizes and 
patterns. In making them the great thing is to cool rapidly 
round the edges ^ and to start with a red heat. A square block 
made red-hot, and stood on one edge on an iron smooth 
surface, while any mass of smooth metal is balanced on the 
top edge, will show very good phenomena, especially if slid 
on to fresh cold surfaces till cold (Plate IV. G). A good 
chilled glass gives coloured figures particularly vivid, and 
the figures can always be foretold, a circular disc giving 
gorgeous coloured rings with a black cross. A good thickness 
{\ inch is not too much) does best for the lantern. 

Owing to this property of glass in a state of tension, the 
polariscope is a most sensitive test of such a condition. One 
of the " Rupert's drops " or a Bologna flask will show con- 
spicuous phenomena ; and a correspondent once informed 
nie that, having to renew the focusing lens of his polariscope, 
he found two in succession so powerfully doubly-refracting 
that it was impossible to get a dark field. It is in this way 
that optical glass is tested for valuable instruments, and it is 
by far the most sensitive test available. 

142. Effects of Sonorous Vibration.— By this time 
we have a very vivid idea of the subtle power of polarised 
light as a revealer of the inner structure or molecular 
condition of bodies, provided they are transparent enough 
to apply it. The slightest difference in elasticit)', or 
density, or, in short, frogi a homogeneous condition, at 
once stands revealed before this wonderful test. A 
singularly beautiful experiment, which Daguin describes as 
first made by Biot, though Dr. Tyndall first exhibited it 
by the lantern to a public audience, will show this power 
in a still more striking light. Get a strip of plate glass 
5 feet to 6 feet long, 2 inches wide, and about i inch 
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thick, A H, and smooth the sharp edges with a stone, or 
with a file and turpentine. Prepare for it a wooden vice, 
c, fitting into one of tlie wooden stands so often used, and 
thus adjustable for height ; and in this let the exact centre 
of the strip be fisted' at an angle of 45" with the horizon, 
or plane of polarisation.- Unscrew the slide-stage and 
objective from the elbow of the polariscope, leaving only 
the elbow, e, on the lantern, and support the "front" on 
a wooden cradle of sorae sort {easily made by cutting semi- 
circles out of the ends of a cigar-box) in its proper position 
axially, but leaving a clear space of an inch or so between the 
parts which ordinarily screw together. Through this interval 
pass the slanting glass strip, a b, and adjust the height, &c., 
so that the strip may cross the field as near the place held 
in the vice as possible. The whole arrangement (except 
that the cradle for the " front " is omitted for the sake of 
clearness) is shown in Fig. 166. Cross the analysing Nicol, 
N, to give a dark field, and throw a loose cloth on the 
" front " so as to stop all scattered light as much as possible. 
(Half the battle in all lantern experiments, especially with 
an inferior illuminating power, is to avoid such scattered 
light, and many operators lose much effect by not attending 
to it.) Now take a wet fliwnel cloth (other kinds "bile " 
the glass too much and drag the vice about), and enveloping 
the lower end of the strip in it, rub it smartly up or down 
with a long smooth sweep. A shrill but wonderfully clear 
musical note sounds out, from the longitudinal vibrations 
iBto which the glass is throivn, and at each note the dark 

' II ii well to glue 00 the inner side of each jaw of the vice a cir- 
cnllT thin sUb of cork, so as to give a good pinch without breaking ihe 

* If Ihe polariser is a Nicol, it is in some reapects 
Mt the poluiser and analyser at 45° with the horji 
can be boriiontal, and pinched ai right angles. 
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screen is illuminated ! If now a '' chilled " glass be placed 
in front in the optical slide-slage, and focused as usual, 
and the experiment be repeated, at each note a quite 
different cohur appears; or if a selenite butterfly be 




inserted, some other colour oi that will appear. Or 
we may vary the experiment by putting in tbe arrange- 
ment for heating glass. Starting with a dark field, on 
inserting the hot iron bar we get the phenomerw varied by 
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le effects of /wa^-vib rations ; and when we have got good 
colour, we vary these again by interposing Jcwwi/- vibrations. 
This experiment can be very fairly performed with the 
Argand burner, and a screen distance of about 4^ feet, 
giving a disc of 15 inches. 

This beautiful phenomenon is due to the stress caused 
in the glass near the nodal points, by the vibrations into 
which its molecules are thrown. Here, however, a difficulty 
may occur to some solitary student which actually did 
occur to myself, and which led me for some time to ques- 
tion this explanation. Dr. Tyndall himself states ' that, 
upon sounding the glass, the screen effects are rendered 
"complementary"; and in my own experiments I also 
found this to be the case. The change from mere darkness 
to light only, is easily accounted for on the supposition that 
the thickness of glass, or the double refraction and conse- 
quent retardation, are not enough to produce colour j but 
when selenite designs give also " complementary" colours, 
the supposition naturally arises ihat the change of pheno- 
mena is of some absolute kind, and not one of degree, or 
comparison, as we should expect from a state of stress. 
Accordingly, I was for a considerable time inclined to attri- 
bute the phenomena to the haJf-wave retardation (§ 136) 
caused by the mere " resolution " of the plane-polarised ray, 
by the " absolute " motions of the glass molecules at an 
angle of 45°. But a valued correspondent ^ subsequently 
placed in my hands a translation of the researches of Kundt 
and Mach into this subject, which clear up the matter by 
showing that there is degree, or variable amount, in the 
effect produced; and that therefore the '' complementary" 
results must depend upon the strip of glass giving an 
;e retardation of about half a wave length. 

' Six Lecluies oh Light, second editian, p. 139. 
= The Kev. Philip R. Sleemau, 
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Kundt, having sent the, light through the apparatus as 
described, analysed or spread into it a long band of light 
by a revolving mirror. This band was broken like a string 
of pearls, showing that the doubly-refracting eflfect was 
periodic, and coincident with the sonorous vibrations. 
Kundt then further interposed a selenite plate giving bright 
colour. The light being analysed as before by the revolving 
mirror, the band was found to vary in colour ^ the number of 
tints observable in the band increasing with the thickness of 
the glass or the intensity of the vibrations. Even thus, 
therefore, was established the degrees in doubly-refractive 
effect which the hypothesis of stress required. 

But Mach carried the investigation still further by means 
of spectrum analysis. Selecting a selenite which gave at 
least two or three dark bands (§ 138), the light which passed 
through it and the glass bar was projected through a slit 
and prism as usual When the bar was sounded, the dark 
bands became of course confused, and disappeared. But, 
assuming the slit and prism to be perpendicular, and the 
spectrum therefore horizontally dispersed, this spectrum was 
compressed into a narrower and more brilliant one by a 
cylindrical lens whose axis was horizontal, and then again 
dispersed vertically by a rotating mirror whose axis was also 
horizontal. Every colour and dark band was thus drg,wn 
out into a vertical string ; and when all this was adjusted, 
the dark interference spots thus spectrally analysed separately 
at successive moments during the sounding of the glass 
were found drawn out into zigzag curves^ whose amplitude 
represented the shifting of the bands, by the additional 
retarding effect of the temporary states of stress. 

This beautiful experimental analysis places the true nature 
of the phenomena beyond any doubt. 
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Phenamenaof Quartz— Right and Left-handed Quarii — Circnlar Waves i 
— Effect of Retardation in one Eiuch Wave — Rotation of the Plane of J 
Polarisation— Use of a Bi-quartz— Rotation in Fluids— The Sacchar- 
omeler — Chromatic Effects of Quartz — Other Rotatory Crjatals — 
Electro-Magnetic Rolation — Important DlBerence between Magnetic 
and other Rotations — Connection between Rotation and Molecular ' 
CDnstitation. ' 

143. Phenomena of Quartz. — Wc have seen that if 
we place in the slide-stage of the polariscopc a plate of calcite 
cut perpendicularly to the optic axis, so t!iat a beam of 
parallel plane-polarised. light traverses it in the direction of 
that axis, there is no double refraction, but the plate behaves 
like a piece of annealed glass. But if we place in the 
same position a plate of quartz similarly cut, the etfects are 
very different, though quartz also is a uni-axial crystal. The 
plate shows a beautiful colour all over ; uniform if the light 
IS nearly parallel and the plate truly cut ; and as the analyser 
is rotated the colour passes in succession through more or 
less of the colours of the spectrum, never becoming white or 
black. That is, with white light. If we employ homo- 
geneous light, as, for instance, a pure red, and adjust the 
analyser at 90° so as to give a perfectly dark field, on 
inserting the plate of quartz we find more or less of the 
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light is restored ; but that on turning the analyser through 
a greater or less angle according to the thickness (for red 
light about 17° for every millimetre), the light is again cut 
off. It is as if the plane of polarisation from the polariser 
had been rotated in one direction or the other, the rotation 
being greater and greater as we proceed from red to the 
more refrangible rays. 

144. Right and Left-handed Quartz. — It was soon 
found that some crystals required the analyser to be rotated 
to the rights and others to the left, to produce the same 
succession of colours; and Sir John Herschel found that 
this quality of right or left-handedness was connected with 
the ** set " or direction of certain little facets often found 
on the shoulders of the crystals ; thereby showing another 
connection between their optical properties and their 
molecular constitution. 

145. Circular Waves. — Fresnel very soon came to the 
conclusion that the ray of plane-polarised light, on enter- 
ing the quartz-plate parallel with its axis, was divided into 
two rays moving in circular orbits, of which one was more 
retarded than the other ; and by marvellously ingenious 
reasoning, he further concluded that if this were so, he 
ought to obtain each ray separately by a compound prism, 
as in Fig. 167, where cis a prism of, say, right-hand quartz, 
and A and b half-prisms of the other, all cut so that the 
ray traverses them in the direction of the optic axis. He 
found that he did get two images, r* and R^, in this way, 
which showed no variation in brightness as the analyser was 
rotated, and yet which differed from common light in giving 
colour when passed through a film of mica or selenite before 
reaching the analyser. Having verified this, the pheno- 
mena were easily explained. The original plane-polarised 
ray a b (Fig. 168), on entering the quartz, is divided 
into two rays moving in contrary circular orbits, whose 




directions are denoted by the double arrow-heads, r. If both 
moved with equal velocity, they could only meet together 
at the same point, a, of tJie circular orbit, or at the opposite 
end, B, of the diameter; but owing to one wave gaining 
on the other, the meeting will take place at some other 
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point, R, depending on the thickness of quarfz, and com- 
parative velocities, and consequent amoLEnt of retardation. 
Now a circular orbit is compounded, as is well known, of a 
tangential force equal to a radial force at right angles to it. 
On emergence, therefore, it is plain the two tangential forces, 
SR, TB,will neutralise each other; thus leaving only the 




a radial forces, r c, uniting in the plane wave, r p, which 
therefore represents the new plane of polarisation of the 
emergent ray. We know that the-aoalyser must be turned 
at right angles to that to cut it off; aftfl if fare red, or any 
other homogeneous light, be used, it does so ; but since each 
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wave-length is differently retarded, as usual, the analyser 
must be in a different position to extinguish each colour. 
We thus account for the successive colours, each of which 
is a compound tint composed of all those spectral colours 
not extifiguished by the analyser in any given position. 

146. Proof by Spectrum Analysis. — That the colours 
really are extinguished in succession, and the colours we 
see residual or compound colours, we easily prove by 
placing in the slide-stage a slit with our quartz-plate, and 
throwing its spectrum on the screen through the analyser • 
then we see the dark band or bands, which are extinguished 
in any given position, travel alpng the spectrum as the ana- 
lyser is rotated. If we use a plate constructed half of left- 
handed quartz and half of right-handed, of the same thickness 
(called a bi-quartz), and place it so that the slit crosses both, 
these bands will travel in opposite directions, appearing in 
complementary positions in the spectrum ; or yet again, 
placing the slit in the stage with a single quartz-plate, but 
with a double-image prism as analyser, and bringing the two 
images of the slit perpendicular, on rotating the Nicol 
polariser it will be seen that while the colours change 
in succession as before, the bands are always comple- 
mentary in the two images. Hence, if we place in the 
stage with the quartz a circular aperture, and use the double- 
image prism as analyser (without the dispersion-prism) so 
as to produce two overlapping circular discs only, on 
rotating the analyser the colours change as before, but 
one disc is always complementary to the other, and the 
two make white where they overlap. 

147. Use of a Bi-quartz. — If two quartzes of opposite 
rotations and of equal thickness be superposed in perfectly 
parallel plane-polarised rays,^ they exactly counteract each 

^ The phenomena of convergent rays are described in a subsequent 
chapter. 



olhei ; and if unequal, the thinner one subtracts from the 
rotation of the other. As in addition to this it is obvious 
that the two halves of a "bi-quartz" must show the same 
colours in two positions of the analyser, while on the least 
rotation from these positions the colour of eacii half changes 
in opposite directiom, it might be expected that a bi-quartz 
would be a most sensitive test of any additional rotary power 
added to either half. It is so : when both halves show the 
same colour, the addition of the merest film of either 
" right " or " left " makes at once a marked difference. 

14S. Rotation in Fluids. — The Saccharometer. — 
This would be of no particular utility were it not that many 
fluids, and amongst these sttgar syrup, have the same rotary 
[KJwer very strongly ; and as the degree of rotation is found 
to be strictly proportional to the amount of sugar, &c., in solu- 
tion, as well as to the length of the column, we have here a 
most valuable means of ascertaining the strength of syrup.^ 
Various arrangements are in use, some more sensitive 
than others ; but nearly all depend on ascertaining either the 
degree of rotation, or the thickness of quarts, necessary to 
balance the difference of colour or other phenomena caused 
by a column of solution or iiuid of a standard length. 
Tliis length is very much greater than the thickness of quartz 

' Till very lately there has been no really scientific work accessible 
in Er^Uiih upon ihe u«e of the polariscope in practical chemistry. As 
a couEcquence, the methods employed have been often somewhat roagl;, 
and necessary corrections and precautions were neglected. The recent 
public&tion of a translation frcini Dr. Landolt'ii classical treatise {Nond- 
hiKk ef the FvlariiCBpt, and its Fraetical Afplicatians: Macmillaji and 
Co.) has supplied this wanr, and placed the analylical chemist in 
pMSCUiun of all he needs to know. The principal forms of chereiica) 
polariscopei are described and {igured in this work ; but I do not think 
Jellett's form of double-prism (for description of whicli see Reports of 
[he British Association, 1S60, ii. 13) has nearly had justice done In it in 
comparison with others ; in fact it has often struck me that (jeromns 
rarely da justice to English pliysicists or inventors. 
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necessary to produce a given rotation ; hence it is usual to 
employ tubes with plane glass ends, froni 6 to 24 inches in 
length. For mere experimental demonstration, a brass or 
glass tube 2 inches diameter and 3 to 6 inches long, may be 
capped with glass at each end, and filled with saturated 
sugar syrup. The front and objective being unscrewed from 
the reflecting elbow of the polariscope, and supported a 
little in front as for the experiment with the strip of glass, 
the bi-quartz may be placed in the stage, focused, and its 
two colours equalised. If the tube with the sugar be then 
supported or held by hand between the polariser and the 
quartz, so that the polarised beam has to traverse it, it will 
be seen that the colour of the two halves of the quartz plate 
is at once differentiated, and that the analyser has to be 
perceptibly rotated to bring them both alike again. Spirits 
of turpentine give the same phenomena, and oil of lemons 
in a still more marked degree. By using more sensitive bi- 
quartzes, in which each half is composed of superposed 
wedges of right and left-handed, or of slices cut in other 
directions and put together in particular ways, displacement 
of the equal colours may be shown on the screen by a cell 
containing only i inch of fluid, which will go with the quartz 
into the optical stage. One of the best forms is that shown in 
Fig. 169, where a is a wedge, say, of right-handed, and B of 
left-handed quartz in the half a b, whereas in the other half 
c is left-handed and d right-handed. Across the middle, 
where all four wedges are of equal thickness, there is, of 
course, a black line when the analyser is crossed, and white 
when it is parallel with the polariser, the right and left 
quartzes there neutralising each other. On each side of 
this there are necessarily coloured straight bands, as shown, 
exactly similar in two positions of the analyser ; but as in 
one half the right-hand quartz is thickest in all below the 
middle line, and in the other half the left-hand quartz, any 
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rotation of the analyser, or introduction of fluid or substance 
with rotary power, dispJaces all the bands in opposite 
directions, and a very slight addition of rotary power is thus 
perceptib!e.i 

The variety of effect possible from various wedges or 
sections of quartz in combination, or rotated, is in fact 
almost endless ; but it may be mentioned that a large 
concave plate cut across the axis gives, of course, Newton's 
rings, whose colours change, the rings moving inwards 
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Fio 169 -CotnfKuml Wedge Bi-quari. 

outwards as the analyser is rotated. The effect of this is 
very beautiful ; but it will be shown later on (§ 156) how the 
same appearances may be produced with a concave selenite. 
' In Mit'cherlicli's iostraroenl, there is no lesl-quartz or other 
apparalus, but the amount of rotation needed to restore a iimplc dark 
Geld after the column of fluid is introduced, is observed by (he light of 
a sodium flame. In Solcil's a bi-quartz ie used. In Wild's a double 
quarti-plttte showing "Savarl's bands" (see § 179) is employed, the 
bands being first enlinguished, and the angular rotation necessary to 
mtore extinction beiog otisersed. In Jelleit's instrument a peculiar 
calc-spar prism is the analyser, which gives two images polarised in two 
planes very slightly inclined, and which aie brought to equal bright- 
ness : then Ibe rotary substance difTerentutes them. Comu employs in 
the same way, but as polariser, a Nicol cut longiludinallj in two, 
which halves are very slightly inclined to eacli other, and 30 also give 
two inclined planes of polvisation. 
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Lastly, a large quartz plate is exceedingly good as a " super^ 
position " plate, as the colour may be changed by rotation 
of the analyser till the most pleasing effect is produced. It 
is somewhat strange that either quartz plates, or substitutes 
for them constructed of two mica films as hereafter described, 
are not more used for microscopic superposition work, in- 
stead of a complicated set of films in expensive mountings. 

149. Other Rotatory Crystals.— Some other crystals 
besides quartz have the power of rotating a polarised beam. 
Amongst these may be mentioned cinnabar, periodale ol 
soda, sulphate of strychnia ; and there are a few others. 
Chloride of sodium (common salt) has sometimes the 
property in all directions, therein resembling fluids. 

150, Electro-magnetic Rotation. — Faraday disco- 
vered that a cylinder of glass placed with its ends axially be- 
tween twopoles of a powerful magnet, or surrounded by a helix 
traversed by an electric current, similarly rotated the plane 
of polarisation, differentiating the two colours of a bi-quartz. 
His " heavy " glass {borate of lead), and some peculiar forms 
of flint-glass, give the most effect ; good common flint 
having a rotatory power about half that of the "heavy" 
glass. Further experiments have shown that the electro- 
magnetic force rotates the beam in some degree through 
nearly all, if not all, liquids, and even gases, thus opening 
up many most interesting questions of molecular physics. 
Dr. Kerr further discovered that a beam of plane-polarised 
light reSected from the polished pole of an electro-magnet, 
also showed effects of rotation whenever the iron was i 
magnetised by the passage of a current. 

But there is this remarkable difference between electro- 
magnetic rotation and other forms of the same phenomenon. 
If we send the ray through a quartz which rotates it lo the 
left of the observer, and then reverse the quartz, the ray is 
still rotated in the same direction. Consequently, if we 
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reflect the ray back again through the same quartz, the 
rotation conferred by the first transmission is exactly 
reversed by tlie second : the circular waves go back upon 
their former paths. In glass or fluid whose rotary property 
depends upon electro-magnetic action, on the contrary, the 
rotation is repeated in a reflected ray ; and whichever way 
the ray is transmitted, and as often as it is transmitted, 
follows the direction of the current. 

151. Rotation and Molecular Constitution. — We 
have seen that a limited number of crystals possess rotatory 
power. Nearly all of them are found both right-handed 
and left-handed. They are all either uni-axial or have no 
double-refraction at all. And, as a rule, if not universally,' 
those of them which are soluble in any fluid, lose the 
property of rotation when so dissolved. We are driven to 
the conclusion, that in the case of crystals the property of 
rotation isdependent upon crystalline structure ; or, in other 
words, upon the arrangement of groups of molecules. This 
supposition is confirmed by the fact that in most of such 
substances the ray of light must pass through them in one 
particular direction^that of the single optic axis — to be 
rotated. And it is still more strongly confirmed by the suc- 
cessful production of rotatory mica-combinations as hereafter 
described {§ 157). 

We might suppose tha same of fluids — that is, that the 
property depended upon the arrangement of molecular 
groups — were rotation confined to the fluid state. But 
experiment proves that when rotary fluids are volatilised, the 
vapour exerts sensibly the same rotatory power, for equal 
weights, as the fluid. We are, therefore, forced to the con- 
clusion that in this case the property depends upon the 
single molecules of which the gaseous matter is composed. 
As analogy compels us still to regard it as dependent upon 
' I am not sure th.it tlie rule is qiiile univcrsil. 
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some " structure," we are driven to the further deduction 
that here rotation depends upon the grouping of ainmt 'm\a 
the molecule. It has, indeed, been disputed whether in 
fluids there really is any real circular double-refraction, as 
in quartz, whose two circular waves were so triumphantly 
separated by Fresnel ; and Dove's experiments failed to 
decide the matter.' But the primary phenomena which led 
Fresnel to suppose it in quartz exist in the case of fluids; 
he himself, in a paper presented to the French Academy on 
March 30, 1818, reports experiments which he held to bear 
out this view ; and my own experiments in the production 
of spiral figures (see Chapter XVI.), in which quartz is 
successfully replaced by either rotatory fluids or mica com- 
binations, are very strong evidence in favour of the existence 
of similar circular waves. 

Regarding the molecule, then, as the source of the 
property, it is surely strangely significant to find that all, or 
nearly all, the substances possessing rotatory power in solution 
or vapour are complex carbon compounds. Many beautiful 
and refined researches by Pasteur, Van't Hoff, and others. 
have moreover shown that in all such rotatory substances 
there are either one or more asymmetrical ca^ihan-sXaxas ;' 
but on the other hand, there are many substances which 
contain such asymmetrical atoms in which no rotation has 
yet been observed. Against this, however, is to be set the 
remarkable fact that a tartaric acid with no rotation has been 
separated into two varieties of opposite rotations, whose 
combination makes the neutral form. These two forms of 
rotatory tartaric acid, though in most reactions and in 
chemical constitution identical, differ in some reactions, 

1 Poggendori's Antmlat, ex, 290. 

^ I believe this slalemcnt correctly represents twr knowledge of the 
s written. Should any exceptions have been 
discovered, or in future be so, these will not much affect the physical 
aspect of the feet as a general rule. 
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and ciystaUise in right-handed and left-handed forms (§ 144). 
There are a few other substances in which the inactive and 
one rotational form, but not the other, are known ; and some 
— especially several ethereal oils — in which opposite rotations, 
but not the neutral form, are known. Some of these forms 
have been obtained with great difficulty; and hence the 
theory has been advanced, and is highly probable, that all 
carbon compounds containing asymmetrical atoms really 
are composed of molecules whose atoms are arranged 
helically, but that in the inactive ones two such molecules of 
opposite rotations are combined in a kind of sexual com- 
bination, and have not yet been separated. 

It is further to be observed, that substances which p 
rotatory power in fluid or solution, may often be varied ( 
reversed in power by the addition of other fJuids or sub- 
stances. And it is still more remarkable, that when capable 
of crystallisation, they crystallise almost, if not quite, invari- 
ably as bi-axiah (see Chapter XV.), which itself is a strong 
evidence (see § 170) of unsymraetrical atomic structure. In 
crystallising they appear to lose their rotatory power ; but as 
this would be, with our present means of observation, 
overpowered in any direction of the ray by the far stronger 
ordinary double refraction, this can hardly be held to be 
proved. If the crystals are melted, however, 
destroy the crystalline structure and restore the amorphous 
condition of a fluid — as, if a crystal of sugar be fused — the 
rotatory property remains or is restored. Heat will also 
convert some rotatory substances into inactive forms ; as if 
there were a tendency under the influence of heat vibrations 
for a number of molecules to pass into the form of the opposite 
lex, as it were ; the two kinds afterwards uniting in pairs, 
But enough has been said to show the exceeding interest of 
the subject, and the light it is likely to throw upon the 
nature of atomic grouping and the structure of molecules. 



CHAPTER XIV. 

CIRCULAR AND ELLIPTIC POLARISATION. 

Fresnel*s Rhomb^Composition of two Rectilinear Vibrations into a 
Circular one — Quarter-Wave Plates — Other Methods of Producing 
Circular Polarisation — Rotational Colours of Circularly-Polarised 
Light — Reusch*s Artificial Quartzes — Behaviour of Quart z in Circular 

• Light — Phenomena of Thin Films when Analysed as well as Polarised 
Circularly. 

152. Fresnel's Rhomb. — ^We have thus examined the 
effects of contrary circular orbits as exhibited in quartz ; but 
circular orbits, or circular polarisation, may be produced in 
other ways, which furnish a most conclusive and elegant 
proof of the truth of the Undulatory Theory, showing as 
they do how the motions we are dealing with answer to 
every process to which they can be subjected. Fresnel not 
only tested his theory of the phenomena by separating the 
two actual rays in quartz ; but -he further calculated from 
his mathematical conceptions, that if he constructed a 
rhomb of glass with parallel faces so disposed that a 
ray (a b, Fig. 170), was "totally reflected" twice within it 
at an angle of 54® 37' as shown; if that ray was plane- 
polarised in a plane inclined at 45° to the reflecting surfaces^ 
it would be as it were so divided and spun round by the 
relation of the reflecting surfaces to its vibrations, as to 
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emerge circularly polarised; as at c' This was entirely- 
worked out first in theory ; but experiment verified it. Tiie 
ray did emerge circularly polarised; for rotation of the 
analyser showed no difference in brilliancy, and yet it 
differed from common light in causing colour, when passed 
before analysation through doubly-refracting films. That 
was a great triumph for the theory; but there was soon 
another, and one more easily intelligible to those acquainted 
with only elementary mechanics, 

153, Composition of Vibrations. — A moment' 
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153, *-oraposiiion ui viuruiions. — a moments re- t 

flection showed us that two plane-polarised rays vibrating in 1 

the planes — and | , even though originally from the same J 



polarised ray, cannot possibly interfere with or quench each 
other. In that way, they can have no relations. But yet 
they may act on each other in another way. Let a 
pendulum be mounted as in Fig. 171, so that it swings on 
gyrobals, G, from two axes at right angles to each other ;^ if 
swung on one axis the bob will vibrate in the path a b ; if on 
the other, in the path C d at right angles with it. Let these 

' I ^ve this as conveying 3 rough, popular idea ; in reality, the 
original ray is divided into two at ibe first reflection, of which one is 
retarded ( of a wave-lengtb, and ^lill more difTetealialed to a. quarter- 
vibration by the second rejection. The rest follows as in the next 
method. See for details Lloyd's Lectures on Ihe Wave Theory, 

* The illustration iti (his form b, 1 believe, first due to Professor 
Baden- PowelL 



2^ 



LIGHT. 



ICHAPi 



represent the two planes of plane polarisation, and the bob 
a molecule of ether, and let it have arrived at b in the plane 
orbit A B. It has therefore reached the limit of its swing* 
and the next moment will begin to swing back, but at this 
moment has no motion. Just at that moment, then, 




Fig. 171.— Composition of a Circular Vibration. 



imagine the bob of a duplicate pendulum, moving in an 
orbit at right angles to a b, and in the exact middle, or full 
power of its swing, to strike against it, as represented by th6 
arrow C d*. This second bob will yield up its motion and 
come to rest, and may be withdrawn ; but its transferred 
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force, thus applied tangentially, will be compounded with 
the other, and drive the bob, b, into a new circular orbit, 
B o D, in the direction of the arrow. 

Now we see at a glance that the second vibration, to do 
this, must be exactly a quarter of a 'Whole or double vibration 
before or behind the other, or must be at its fullest power 
when the other is at the moment of rest ; and it follows, 
therefore, that supposing us to be dealing with actual 
physical realities — real atoms of etber vibrating in real 
paths — a circularly-polarised riiy ought to result, if we 
caused one plane -polarised beam to be retarded exactly a 
quarter of a wave, or any odd number of quarter- waves, 
behind the other. If, again, retarded somewhat differently 
from a cjuarter-wave interval, experiment with the pendu- 
lums gives an ellipse, and this also ought to result. And, 
lastly, it is easy to see that if the two plane rectangular 
vibrations differ half a vibration in phase, they must com- 
pound together oat plane vibration at an angle of 45° with 
each of them, but in which of two rectangular directions 
depends upon which is most retarded.' 

154. Quarter- Wave Plates. — Such being the theoreti- 
cal view of the matter, we have already learnt that in several 
ways we can accomplish 5uch a result ; but the simplest are 
the use of compressed glass (due to Dove), or of a thin film 
of selenite or mica, called a quarter-wave or quarter-undula- 
tion plate (due to Airy). It is exceedingly difficult to get 
a. lai^e even film sufficiently thin in selenite ; and therefore 
mica is usually employed, with which it is very easy to 
procure one, though the thickness is very small. First cut 
a rather thin film of good even mica, exactly the size of the 
glass discs between which it will be mounted. Then stick 
a very sharp but not too flimsy needle by the eye in a 

' The atuJent Is strongly recommended 10 work alt these elites out by 
diagram. 
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handle, and with the point split the mica as thin as possible. 
After that, by rubbing the smooth side of the needle gently 
along the edge of the mica, this will be brtiised rather ihickeri 
so that it can be split thinner still, taking care to split gently 
and evenly, andratherwiif^'«^thefilmsgently apart by coax- 
ing the needle carefully inwards. It is well to split a dozen 
or so in this way, as thin as possible, and taking care rot to 
soil them. Then have a few perfectly clean glass discs, 
place each film between a pair of the glass discs for handling, 
and test them in the polariscope used as a table instrument. 
We shall find one or two films, unless we are very unlucky, 
which when placed in the stage in the position thai would 
give colour were it thicker (they are always tested, and 
used, in the rotating frame), give always the same illumina- 
tion as the analyser is rotated, the only variation in colour 
being from a rather bluish grey to a rather yellow or fawn- 
coloured grey. The reason of this is, that all the colours 
cannot be exactly a quarter-wave different, simply because 
the wave-lengths vary ; it is best, therefore, to work to the 
yellow as both the brightest colour and near the middle of 
the spectrum. The test of an equal light will be sufficient 
for most experiments ; but a more sensitive and exact test 
is with the Norremberg " doubler." If the film is laid on 
the bottom mirror in the right position, the quarter-wave 
retardation being " doubled " into a half-wave, when the 
analyser is crossed and adds another half-wave (§ 136) the 
light ought to be almost fully transmitted ; whilst with the 
analyser parallel the tint ought to be the first plum-colour 
or "transition-tint" between Newton's red of the first and 
blue of the second orders, sliowing extinction as nearly as 
the various wave-lengths of the different colours allow. 

This then is our " quarter-wave '" plate, which should 
be at once mounted between two glasses in balsam, and its 
working planes marked on the edges by scratching with a.. 
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diamond, or quartz crysta.!. Meantime, however, observe 
how beautifully the phenomena correspond with theory; for, 
placing the plate in the optical stage in the rotating frame in 
the proper position, it will be seen that the double-image 
prism gives equal images in all positions ; while yet we shall 
find, by beautiful phenomena, that the light is still "polarised," 
though in a different way. 

155. Plane and Elliptical Composition of Vibra- 
tions. — The student will readily perceive it must follow 
from the foregoing, that with any uneven film much of the 
light transmitted must be either circularly or cUiptically 
polarised; and that with any film, such as a Newton's ring 
slide, ground with regularly graded thicknesses, regularly 
recurring bands must be circularly polarised, and inter- 
niediate bands elliptically polarised and plane polarised. 
Experiment, by any of the methods hereafter to be described 
which distinguish circularly- polarised light, readily proves 
that such is really the case. 

Light is also circularly or elliptically polarised by reflection 
from metals — almost circularly by silver.' And it can also 
be circularly polarised by placing our glass press in the stage, 
with the screw-pressure directed at 45° to the polarising 
planes. Then it is obvious that just enough stress can 
easily be given to circularly polarise the light, as this effect 
solely depends on a given amount of retardation. By this 
method, however, only a space in the centre of the glass — 
about one-fourth of the whole surface — is at all uniform, the 
outer edges being too strongly doubly-refracting, owing to 
the greater stress in those regions. Mica films are, however, 
best, being so easily prepared, and giving the entire field. 
A second smaller quarter-wave film should also be mounted 

' Light is not plane-pobiised by silver at any angle, and circularly 
only M a certain angle. Hence we see why the silvered surface of the 
"ibin film," in § ICO did oat quench the light. 
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between glass discs, and set in a shott bit of brass tube, or 
a narrow edging of cork, by either of which it can be 
inserted at pleasure into the end, b, of the crystal stage 
shown in Fig. i8i. Thus equipped we are ready for a further 
most interesting set of experiments. Before commencing 
them, however, we must clearly understand the positions of 
the apparatus. Representing a quarter-wave plate by Fig* 
172, A B and c D are its planes of vibration or polarisation, 
at angles of 45** with the supposed planes of polariser and 
analyser. This is the normal position of the plate, in which 
it should be marked on the edges at e f, g h ; it is also 
the usual position of a coloured film. But whenever we 
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Fig. 172.— Quarter- Wave Plate. 



describe the quarter- wave plate as '*at an angle of 45°," it 
is meant that the marks stand diagonally, the planes of 
vibration being then vertical and horizontal, or corresponding 
with those of polariser and analyser. 

156. Rotational Colours of Circularly-polarised 
Light. — ^Take now any film of mica or selenite, which gives 
good colours, and place it in the stage in the usual position. 
We have already found that it gives complementary colours 
with analyser crossed and parallel, and no colour at all with 
analyser at 45°. But now after the film, or between it and 
the analyser, introduce the quarter-wave plate at an angle 
of 45°. (This is not its usual position, as just explained, 




and is rendered necessary by the fact that the colour-film 
has a/AKci/y changed the planes of vibration by that angle.) 
Observe the difference. As the analyser is turned the 
colours successively change, much like those of a plate of 
quartz cut across the axis, the order of the tints depending 
on the direction in which the analyser is rotated. 

But it also depends on the relation of those planes in 
film and plate which transmit the ray of greatest retardation ; 
for, having observed the order of succession in whichever 
position has happened to come first, rotate the quarter-wave 
plate in the frame (the plate should always be mounted be- 
tween bare glass discs, and used in the rotator) till it stands 
at right angles with its first position. The order of colours 
for the same rotation of the analyser is now reversed. 

But thirdly, if the film instead be rotated 90" we have 
the same effect ; and this gives us a very beautiful modifica- 
tion of the experiment, which places the matter in a more 
striking light. From a plate of mica or selenite, which 
gives good colours, cut a square about one inch in each 
side, whose sides shall be perpendicular {as in Fig. 173) 
when the planes of polarisation are at 45° (the position of 
most brilliant colour). Cut it in two vertically by the line 
A B, A moment's inspection of the position of the polar- 
ising planes, as denoted by the dotted diagonals, shows 
ihat the inversion, either laterally or vertically, of one of 
the halves, is equivalent to rotating these planes 90°, 
Invert one-half accordingly,' and having put the two 
halves together again in the new position, mount in balsam 
between glasses. By p!ane-polarised light, these changes of 

' A slill more sinking slide can be made by inscribing the square in 
tlie foil circular Reld, and cutting through so as to divide the containing 
segments uf the circle, and the square into four triangles by ihe 
diagonals. Then inverting the lop and bottom quarters of the square, 
and the side segments of the circle, we get a geometrical figure in eight 
portioDi, of which every adjoioing pair change colour in reverse order. 
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position make no diflference whatever ifthe whole plate still 
gives the same colours, complementary in opposite positions 
of the analyser. Introduce the quarter-wave plate as before. 
When the analyser is either crossed or parallel the colour is 
still uniform, and complementary in the two positions ; but 
between, as it is rotated, the colours change as before, ha 
in reverse order^ giving different colours like a b, Fig. 174. 
In fact, the slide gives us the same phenomena, nearly, as 
the bi-quartz in §§ 146, 147. 

A selenite Newton's ring slide, placed in the same cir- 
cumstances, gives the same successive colours ; and hence 
exhibits the beautiful phenomenon of all the rings moving 




Fig. 173. — Double Mica. 



Fig. 174.— Double Mica. 



from or to the centre, somewhat like a chromatrope, ac- 
cording to the rotation of the analyser, and the respective 
positions of the principal plane in film and plate. Or if 
the quarter-wave plate be steadily rotated, for reasons 
already seen, the rings alternately expand and contract 
All other selenite slides show the same effects ; so that a 
chameleon, for instance, instead of giving only two com- 
plementary colours, passes in succession through nearly all 
Ihe colours of the spectrum. Or if a quarter-wave plate 
made in two halves divided horizontally, and so cut that 
the principal planes are at right angles, be superposed on 
such a wed^ as i& shown in Plate IV. Fig. A, the colours 
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will appear to pass along the wedge in opposite directions 
in the top and bottom bands as the analyser is rotated, 
the stripes only appearing single in two complementary 
pQsitions. 

These facts are capable of useful application in super- 
position films for the microscope. Instead of the compli- 
cated "selenite stages" mounted in brass, a single film 
judiciously chosen, mounted with a quarter-wave plate on 
the top, in proper position, between two protecting glasses, 
will give any colour the microscopist can desire, in one 
plain glass slide to be simply laid upon the stage of the 
instrument. 

157. Reusch's Artificial Quartzes. — The resemblanee 
of these rotational colours to the phenomena presented by 
quartz, has already been alluded to ; but the resemblance 
so far is incomplete, the succession of colours with two 
films being neither so regular nor so perfect as with a quartz 
of sufficient thickness. But it occurred to Professor Reusch, 
who was acquainted with the artificial uni-axial crystals 
composed of crossed mica-films described in the next 
chapter, and discovered by Norremberg, his predecessor at 
the University of Tubingen, that by superposing thin films 
of mica with their similar polarising planes successively 
adjusted at regular angles round an axis, the phenomena of 
quartz should be perfectly reproduced. His method is 
shown in Figs, 175 and 176, which represent arrangements 
for a right- and left-handed combination. The three rect- 
angular slips numbered i, 2, 3 in each figure, are so cut 
that the same "principal" poiari^ng plane (that which 
contains the two "optic axes" as explained in the next 
chapter) is parallel with their longest sides. They are 
then superposed in the order of the numerals, each slip at 
an angle of 60° with the one underneath ; and in this way a 
tolerably Urge number of films (which must be a multiple 
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of three — say fifteen to thirty and very thin), ar^ built up 
and cemented together with balsam and benzoL Such 
combinations will give a perfect rotation of colours in the 
direction of the numbers, right or left Instead of an angle 
of 60°, we may adopt that of 45°, or half a right angle ; in 
which case it will require four films to complete each circle, 
and the total number superposed must be a multiple of 
four. 

These artificial quartzes offer a beautiful proof of the 
theory of Fresnel respecting the two contrary circular waves. 
Mere inspection of Fig. 175 will show how one of the 





Fig. 175. — Mica Quartz. 



• Fio. 176. — Mica Quartz. 
Reversed Rotation. 



polarising planes, a b^ is successively changed in direction ; 
so that it is practically converted into a circular orbit, 
making several revolutions while the ray gets through the 
total combination. And detailed analysis of the "resolu- 
.tion " of the rectangular vibrations by each successive film, 
and finally by the analyser, will show that the total result 
is approximately equal to that of two contrary circular 
waves, of which one is more retarded than the other. 
Fresnel's theory was thus verified in detail, years after the 
author had been removed from the scene of his brilliant 
discoveries. These combinations moreover give, perfectly, 




«.'/ the phenomena of quartz as further described in 
chapter (§ 178). 

Professor Reusch's films were actually built up as described, 
of oblorig slips ; but such is not the best way of making tbera 
in practice. The long slips consume so much mica, that 
it is difficult to get all the films exacdy equal, which is 
essential. But this object can be easily obtained by another 
method of construction, which is that adopted by Mr. C, J. 
Fox, in making the finest preparations of the kind which 
have ever come under my notice. A largish slab of mica 
must be procured, from which can be split even films as 
thin and large as possible — say nine or ten inches long by 
five or six inches wide. On this must be carefully found by 
experiment, and scratched, a line to show the principal 
polarising planes. Then all the films for the same prepara- 
tion are to be cut from one and the same sheet. As good a 
plan as any is to draw on a sheet of paper squares at the 
proper angles, and laying the mica upon it, scratch over the 
lines. For instance, supposing the preparation is to be 
built up of films at .is", half the sheet will be covered by 
squares like Fig. 177, with sides parallel to the polarising 
planes, and half by squares at an angle of 45° with them, as 
Fig. 178. These may be cut ivith scissors ; but special care 
must be taken that none are inverted or turned round, else 
all will be disarranged and all labour lost ; hence it is best 
to scratch some mark in one given corner of every square, 
by which the position of that corner can be distinguished. 
Then if we lake first a square from Fig. 177, and superpose 
on it a square from Fig. 178, turned rotind 45°, say to the 
left, so as to coincide; next another from Fig. 177, turned 
round t^a" to the left ; and next a second from Fig. 178, turned 
round 90° to the left ; we shall have gone accurately round 
the circle, and the whole preparation can be built up in 
this manner. If 60° be the angle adopted, equilateral 
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^H triangles may be similarly treated, and the alternate triangles 
^^K with apex inverted may be used for a preparation of contrary 
^H rotation. The best effects are obtained with not less than 
^^M about 24 films, as near ^ wave thick as possible ; but Mr. 
^^M Fox has made fine preparations consisting of as many as 43 
^^B films ; and on the other hand, moderately good results may 
^^M be got from as few as a dozen films a quarter-wave thick, 
^^M arranged in four ternary sets. The one main thing is 
^^B absolute uniformity in thickness, which can only be obtaineii 
^^M by using the same sheet for all the successive films. 
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at 45°, it exhibits its colours ; but when tlie play 
with those of polariser and analyser, there is no colour- 
fact no effect at all is produced, for obvious reasons already 
explained. But now place tirst in the stage the large 
quarter-wave plate in its norma! position ; insert in the stage 
also a jften^ quarter-wave plate with its principal plane at 
right angles to that of the first ; ^ and between them, or after 
the first plate in the stage, the double mica-film (Fig, 173), 
or the geometrical figure described in the foot-note. The 
circularly-polarised ray from the first plate, after being 
doubly-refracted by the film, is now again converted into a 
circularly-polarised ray. It has, therefore, lost all trace of 
sides or plane polarity ; and when the analjser is crossed, if 
the double film is also in a rotating frame, this can now 
be rotated wil/wui the colours changing in the least. The 
best way is to adjust it first at an angle of 45° with the 
usual position for a coloured film (a position which would 
show no colour at all but for the first quarter-wave plate). 
Then the crossed position of analyser may be found by the 
two tints being equalised ; and if then the bi-mica or com- 
pound selenite be rotated, the uniform colour will be 
preserved in all positions. If then again brought to the 
unusual position just indicated, and the analyser is rotated, 
we get the same successive, or bi-quartz phenomena, already 
described. 

' The roo5t 
pUle filted in the 
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CHAPTER XV. 



PHENOMENA OF CSVSTALS IN PLANE- 
LIGHT. 

Rings in Uni-axial Crystals^ Cause of the Black Cross — Apparatus fm 
Projection or Observation — Preparation of Crystals — Arliiidkl 
Crystats— Anomalous Dispersion in ApopliyUite Rings— Quarti— 
Bi-axia! Crystals— 7 Apparatus for Wide-angled Bi-axials- — Anomakmi 
Dispersion in Bi-aiials^Fresnel's Theory of Bi^axials — Dednetioas 
from it — Mitscherlich's Eiperimcnt — Conical and Cytindiicat Re- 
fraction — Relations of the Axes in Uni-aiia!s and Bi-anials— Com- 
posite, Irregnlar, and Hemitrope Crystals — Mica and Sclenite 
Combinatians — Crossed Crystals — Norrembei^s Uni-axial Mici 
Combinations — Airy's Spirals — Savart's Bands. 

i6o. Rings in Uni-axial Crystals. — To some extent 
we have found proofs already of the close connection 
between the form and other physical cliaracteristics of crystals, 
and the optical phenomena they present. But seeing we 
have found polarised light such a delicate analyser of the 
inner constitution of bodies, acting as a sure revealer of 
any state of unequal tension, however caused ; of invisible 
sonorous vibrations ; and even of electro-magnetic stress ; it 
is natural to inquire if it will not yield us further evidence 
of the molecular constitution of the crystals themselves, or 
the plan on which they are, as it were, built vp. This line 
of inquiry takes us into a new and magnificent range of 
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optical phenomena, to enter which we have simply to aban- 
don the nearly parallel beam of light we have hitherto em- 
ployed, bringing to bear upon our crystals pencils of rays 
distinctly convergent. Provide a plate of Iceland spar, cut 
across the axis, and about \ inch thick. It need not be 
large ; and for the lantern polariscope it may be conveniently 
mounted between two thin glass circles, like Fig. 179, in ihe 
centre of a wooden slide 4 inches long by \\ inches wide. 
Placed in the centre of the optical stage, so as to get the 
parallel beam of polarised light, we have already discovered 
{§ izi) that it ads as a plate of glass would do, producing 
no effect ; its image is dark or light, according as the ana- 
lyser is crossed or parallel. But now imagine converging or 







divtrging rays, or a conical beam of plane-polarised rays, 
such as arc given by a lens, passing through the slice ; 
it is evident that only the central rays can pass exactly along 
the optic axis ; and hence inclined rays must be more or less 
doubly refracted. At equal distances all round the centre, 
therefore, the slice must act as a thin lilin, and give colour 
arranged in symmetrical circles. But this is not all. We 
have already learnt the two directions into which the original 
polarised plane of vibration must be resolved in the crystal, 
and ihat one of the new planes must pass through the axis, 
while the olher of course is at right angles to it (§ lu). 
Taking therefore Fig. 180 as a diagram of our slice, and 
supposing A B to be Ihe original plane of vibration from the 
polariser, the plate of calcite resolves that, everywhere, into 



LIGHT. 



[CtfAP, 



vibrations passing through the axis, represented by the radii : 
and others at right angles to them, represented by the circles. 
Further still, it is evident that all along the two radii, a b 
and c D, there will be no double refraction at all, since the 
planes of vibration in the crystal there coincide with that of 
the polariser, and that perpendicular to it. Along those lines, 
therefore, the slice can have no influence, and must appear 
black when the analyser is crossed, and white when it is 
parallel with the polariser (§ 136). 




Fio .Sc — Viliralio.i Plan« in ihc Calc 



All this is justified to the letter ; but to exhibit it on the 
screen, we must add to the pol.iriscope what is called a 
" crystal stage," which will hold the plate in the converging 
cone of rays from the objective. Fig. 18 1 shows the con- 
struction of it. A tube, a b, fits on the nozzle of the ob- 
jective, and has transversely cut through it a slit, s, through 
which the crystal sliders are passed, kept in place by a spiral 
spring as usual. The end, b, of the tube is of exactly the 
same size as the nozzle, so that the Nicol or other analyser 
fits and rotates on it, as on the nozzle. We plac 
addition on the nozzle, add the analyser, and insert our 
plate of calcite in the slit, s. We then get on the screen 
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the beautiful figures represented at A and B, Plate V., accord- 
ing as the analyser is crossed, or parallel with the polariser. 
In the former position the beautiful coloured rings are tra- 
versed by the black cross we were led to expect ; in the 
other position, we get the complementary rings traversed by 
a white cross. The centre, of course, shows no phenomena 
at all beyond white ot black, as the rays there pass along 
the opiic axis. 

161. Apparatus for Observing the Rings.— The 
objective described in Fig. t gives, in practical work, about 
the best average effects with these "crystal rings," unless an 
addition to be presently described is made to the apparatus. 
Much more convergence, unless extra lenses are added. 



I 




causes a great deal of light not to get through the Nicol 
analyser; and much less gives fewer rings, unless a very 
thick slice be employed. For a moment's consideration 
will show that the amount of retardation in a plate of 
crystal thus cut, depends on both the thickness of the plate 
and the amount of convergence; and that the rings must 
become closer and more numerous as the plate increases in 
thickness. The private student will often find a simple tour- 
maline pincette (Fig. 182) the most convenient apparatus. 
A sUce of tourmaline is mounted so as to be capable of 
rotation at each end of the spring tongs, and the crystal plate 
to be examined is held between them : the rays passing 
through this simple polariscope into the small pupil of the 



eye, are sufficiently convergent to exhibit the pher 
Or a single loose tourmahne, such as the one used inlifeV 
rotating frarae, held close to the eye with the crystal dose | 
up to it, wit! show the rings well, if the whole, and the eye. I 
are turned towards the plane-polarised light from a glassj 
plate or any other polarising surface, or even towards | 
rertain portions of a bright sky (see Chapter XVIL). 




i5z. Preparation of Crystals. — Many crystals ( 
only be prepared, as a, rule, by skilled workmen ; and t 
most immense variety, numbering over a hundred, of a 
axials and the bi-axials to be next conijidered, may ! 
obtained from Dr. Steeg and Reuter, Homburg von derfl 
Hohe, who prepare this class of objects for almost tbel 
whole world. The rater crystals can hardly, in fact, -1 
obtained elsewhere ; but Messrs. Darker and one t» twofl 
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other English opticians prepare calcite, quartz, borax, sugar, 
and some dozen others of those most usually inquired for. 
Several crj'stals, however, are quite within the reach of the 
amateur. Nitrate of soda, if a good clear crystal can be 
found, is a fine iini-axial. A slice may be ground on 
ground glass^ polished partially with a little water, and 
mounted in Canada balsam between two glass circles. Or, 
in winter, n piece of clear ice, f inch or so thiclt, held (for it 
can hardly be placed in the stage) in front of the bare . 
nozzle, with the Nicoi held in front and rotated, will give ] 
beautiful rings. Ferro-cyanide of potassium or pvussiate of 
potash, is a cheap crystal, found in prisms or tablets, and 
easily splits across the optic axis in slices, which have 
natural polished faces, and therefore need no other prepara- 
tion than to be protected in balsam belween two glasses. 
It is normally a uni-axial showing circular rings; its other 
frequent phenomena will be treated of presently. Hypo- 
sul]>hate of [wtash is another crystal which gives fair rings, 
as do phosphates of ammonia or potash. Many of the soft 
crj-5tals, uni-axial or bi-axial, after grinding on ground glass 
or stone, only need rubbing once or twice with the wet 
finger, the balsam in which they are mounted perfecting the 
polish, as it is nearly the same index of refraction as most 
of them. Others can generally be polished with a little 
putty powder or colcolhar on a piece ot fine silk. Sugar 
must be done dry or with a little oil. 

163. Artificial Crystals. — Dr. Brewster made artificial 
crystals by melting together equal parts of white wax and 
rosin, thoroughly mixed, and with a pointed rod dropping 
two or three drops on a small circle of glass, on which 
was laid a similar circle, forced down on the composi- 
tion with a strong pressure. The molecules are thus 
l^ected to strong compression in a direction perpendicular I 
e plates ; and the resuh is not only double refraction. 
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164. Anomalous Dispersion. — Apophyllite Rings. 

— From the phenomena of anomalous dispersion (§g 55, 67) 
we should expect that some crystals would show exceptional 
phenomena, similariy due to exceptional retardation of 
various colours. This" is so. Apophyllite, for instance, is 
remarkable for the fact that it is " positive" for one end of 
the spectrum, "negative" for the other, and ron-doubly 
refracting for some intermediate colour, generally yellow, 
Hence we have, instead of rainbow circles as in most cases, 
rings nearly a',4(fe and black: the usual effect being black rings 
lined as it were with green only. We have here, therefore, 
a phenomenon of another kind, due to "anomalous disper- 
sion." By combining slices of certain positive and negative 
crystals (§ 124), cut of suitable thicknesses, it would be 
supposed this curious phenomenon should be produced 
artificially. Such is the fact : but each jiair of crystals has 
to be mutually selected, one with reference to the other, 
else the counter-action is not sufficiently accurate. 

Apophyllite also shows in some specimens a most 
beautiful tesselated or "mosaic" construction. This, how- 
ever, is more analogous to the compound crystals mentioned 
further on. Such crystals have to be specially sought for 
and selected. 

165. Quartz in Convergent Light. — The phenomena 
of quartz are what we should expect from those already 
observed in parallel light. Where the light is distinctly 
convergent, the ordinary doubly-refracting forces come into 
play ; showing circular rings and a cross. Towards the 
centre, however, the rotatory power of the two circular axial 

* It is very easyto gel colour in this way, but in the few trials I have 
made I have never got ]>erfect rings to please me ; prolmbijr for want 
of pressure, ns I only used that of my hand. 



rays comes more into play; and hence there is never a 
black centre as in most other crystals, but a coloured area, 
of a size according to the convergence of the rays, the 
colours changing with rotation of the analyser. The quartz 
system is represented in A, B, Plate VII. As a plate of 
quartz cut parallel to the axis only produces plane vibrations 
like those of selenite, Sir George Airy suggested that the 
normal vibrations in such crystals were elliptical, of which 
the circular and plane waves were extreme limits. This 
theory, when applied mathematically, is found perfectly to 
account for all the phenomena, including those of super- 
posed plates presently described (§ 178). 

166. Bi-axial Crystals. — It has been stated already 
f§ 125) that there are many crystals in which neither of the 
two doubly-refracted rays follows the ordinary law, but both 
are extraordinary ; the index of refraction varying with the 
direction of the ray, and the refracted ray not being always 
in the plane of incidence. Such crystals, upon careful 
experiment, are found to contain two directions in which a 
ray is not doubly-refracted, inclined to each other at some 
angle ; and each of these optic axes is surrounded by a system 
of rings. Such are accordingly termed "bi-axial" crystals. 

The best bi-axial crystals for the ordinary lantern 
polariscope are those whose axes are not much inclined 
to each other, so that both systems of rings can be seen 
at once. The four best are nitre, native crj'stals of car- 
bonate of lead, glauberite, and some varieties of the felspar 
called adularia. The last must as a rule be purchased ; but 
the only difficulty about nitre is the getting a good crystal 
to work on. They all look splendid as they come out of 
the crystallising vats ; but as they dry, nearly all spoil by 
decrepitation and strife, and very few remain clear. A far 
from perfect one, however, if tolerably clear, will show veiy 
fairly. We want a six-sided prism about \ inch diameter. 
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Split a slice about a ^ inch or more thick, as square across 
as possible, with a knife ; and then carefully grind it down 
on a dry stone till about ^ inch thick, square to the axis of 
the prism. Finisli with a little water on first a roughish 
and lastly a smooth ground glass, finally wiping off the 
moisture with the finger. If necessary give it a lick on each 
side, and again rub with the finger, which will nearly polish 
it as already described ; then mount it with balsam, ot 
balsam and benzol, between two circles of glass, and finally 
mount in a wooden slide with some soft cement, thai will 
allow of adjustment square to the axis of the polariscope. 
When adjusted with the line joining the axes parallel to or 
across the plane of polarisation, and the analyser crossed, 
the appearance is as in D, Plate V. ; with the analyser 
parallel, of course the cross is white and colours comple- 
mentary. But if with analyser crossed the irysial he rotated, 
the phenomena change beautifully, the cross opening out 
into hyperbolic curves (E, Plate V.), which, when the axes 
of the nitre stand at 45° across the plane of polarisation, 
assume the shape of V. The shape of these rings and 
black brushes can all be mathematically calculated on the 
principle of interference. 

A moment's thought will show that with our usual 
moderate convergence we cannot thus see ^c/A systems 
of rings in bi-axials whose axes include great angles ; and it is 
usual to cut such crystals at right angles to one of the axes, 
when of course we get approximate circles traversed by cu 
arm of the nitre cross, i.e. by a straight black brush through 
the centre. Topaz (C, Plate V.) is a fine crystal cut in this 
way ; so are borax and sugar. 

167. Apparatus for Exhibiting or Projecting 
Wide-angled Bi-axials. — By some addition to our 
apparatus, however, it is possible to see at once, or lo 
project, both systems of rings in wide-angled bi-axials. 




Norreiuberg first invented a system of lenses to accomplish 
this object, the arrangement mainly consisting of two hemi- 
spherical lenses about J inch diameter, between which 
the crystal is placed, backed by other lenses still further to 
converge the light ; and with an additional focusing or pro- 
jecting " power " on the side next the eye or screen. Fig, 1S3 
is a section of such an arrangement made by Hoffman of 
Paris, the plate of crystal being shown between the two 
hemispheres. Such a combination converges the pencil of 




rays to a point within | inch or less of the plane surface of 
Ilie first hemisphere, from which point they ns widely 
diverge, but are re-collected by tbe second similar set, and 
finally projected through the Nicol analyser by another 
focusing lens or pair of lenses. 

In my own combination, as already stated, each set of 
converging lenses is a double hemisphere {see Fig. 152) ; 
those next the crystal being g inch diameter, and each being 
closely backed by another larger hemisphere. This is about 
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equal to Hoffman's, but not quite equal to the best of the 
more complex arrangements, in which each set consists of a 
moderately small hemisphere of very dense glass (much 
depends upon the density), closely backed up by three plano- 
convex lenses of gradually increasing diameter, all four of 
each set being almost in contact.' 

If the utmost possible angle be desired, a plan must be 
adopted which we owe to the ingenuity of Professor W. G. 
Adams. It consists essentially in forming the two small 
hemispheres into the front and back sides of a cell, which is 
filled with oil in which the crystal is immersed. The oil of 
course nearly prevents the much greater divergence of the 
oblique rays caused by refraction from or into air, the 
direction in the oil being little altered. In this way the 
CKtrerae angle of go° can be collected, but the method 
is only suitable for private experiment Without the oil, 
extreme angles in highly refractive bodies would be kept 
within the crystal by total reflection. 

The rings and brushes can be finely shown in any micro- 
scope which possesses a draw-tube and the customary wide 
collar under the stage. The usual arrangement has been 
an addition to the eye-piece ; but this is very imperfect in 
performance, only sufficing for small angles, Messrs. Swlfl 
and Son have very lately contrived a far superior arrange- 
ment. It consists of a small hemisphere, whose plane side 
(turned upwards) is brought flush with the stage, and has 
below it another strongly convergent lens and the polarising 



> Without pronooncing upon the general merits of soy optician, I 
may stale that the very best actual arrangement I have ever seen was. 
constructed by Laurent, of Fari^i. It not only embraced nnu-iuallj wide 
angles, bat was remarkable for flatness and equal iltuminaliao of field, 
perfect freedom from colour, and sharpness of the rings. From it I 
take the description of the "best" arrangement as above; but the 
ftirangement of leases was in the first instance due to Descloiseaux. 
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NicoL This forms tjje converging arrangenient, assisted if ne- 
cessary by mirror or condenser ; and the objective answers for 
the second set, witli tlie addition of anotlier lens in the end of 
the draw-tube, in which also a quarter-wave plate can easily 
be inserted. The cost of this addition is only about 351., 
and its performance is excellent, as it will pick up with 
rather a short focus angles of nearly 45°, or with extrerae 
care even a little more. All the range of phenomena in 
this and the following chapter are therefore brought within 
each of the microscopist at very litde extra cost. 
For a convergent apparatus like Fig. 152 or Fig. 183 very 
small crystals suffice, the light being converged to a mere 
point Some of the best crystals can in fact only be ob- 
tained large enough to give sections about ^ inch across ; 
but such sizes are perfectly shown if blacked round. 

168. Angles of Crystals.— The following is a list of 
a few good crystals most easily procured, the angles being 
quoted from various authorities. These are the real angles 
of the axes in the crystal itself, but the apparent angle is 
much increased by the refraction from the perpendicular into 
air of the oblique rays. The angles vary somewhat, (§ 177}, 
and scarcely two authorities quote the same, 

Glauberite . . . . ?■" to 10° 
Lead Carbonate, or Cerussite . K--qi' 

NiM :•■"• 

Arragonite i8^-i8'' 

Titanite ..... 30° 

Borax 3S°"3a' 

Mica '..... 45° 

Sulphate of Zinc 44°'4' 

Topaz 50' 

' Mica diffeis exceedingly, from a. uniaxial up to as mucb ds 75* 



Sugar 50^ 

Selenit^ 57°'3o' 

Nitrate of Silver . . . 62=-i6' 

169. Anomalous Dispersion in Bi-axials.— The 

phenomena analogous to anomalous dispersion are stitl mote 
remarkable and interesting in bi-axial crystals than in uni- 
axials. Not only are the axes as a rule somewhat diiferently 
inclined for different colours, but in some bi-axial crystals 
they do not even lie in the same plane. Borax is a good case 
of this kind. If a plate cut across both axes be placed in 
the polariscope, with the line joining its axes parallel with or 
perpendicular to the polariser, when the analyser is crossed 
it will be found impossible to produce a perfectly straight 
black brush in the line of the axes ; both arms are per- 
ceptibly curved, and when the long arm is perpendicular 
there is a perceptible tint on the left of the top arm, 
corresponding to one on the right-hand of the bottom arm. 
In Adularia the centres of the " eyes " for red and blue are 
dispersed on lines parallel to each other, and perpendicular 
to the long arm of the cross. In other crystals, whose 
axes lie in the same plane for all colours, the inclination 
varies very greatly, and progresses in reverse order for some 
crystals compared with others. The effect of this is, that 
when the plate is turned round so that its axial images are 
at 45° angle with the polarising plane (Fig. F, Plate V.), 
the parabolic " brushes " are in nitre margined with red inside 
and blue outside, while in carbonate of lead the reverse 
is the case. In carbonate of lead, and many other crystals, 
the dispersion of the axes is so strong that the hyperbolic . 
brushes appear only as red and blue, there being no black 
brush whatever ; while the rings in white light assume very 
peculiar forms. In monochromatic light, however, true 
lemniscates will be observed. 
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But the most remarkable example of anomalous dispersion 
in the axes is in a few crystals such as brookite, in which 
the axes for red light lie in one arm of the cross, while 
those for violet lie in the other arm ; or, in other words, the 
axes for [he two ends -of the spectrum lie in rectangular 
planes ! Hence the figure presented in white light some- 
what resembles that of a " crossed" crystal (§ 176). 
Brookite is not at all easy to procure of sufficient size ; and 
is extremely difficult to project owing to its red and some- 
what opaque colour ; but similar phenomena may be seen 
in the sel de seignette, or triple tartrate of soda, potass, and 
ammonia, which is colourless and transparent. Viewing or 
projecting this crystal, with even a pale red and blue glass 
alternately in the large slide-stage of the polariscope, the 
rectangular planes of axial dispersion will be readily seen ; 
and if a cobalt glass can be procured of the right shade and 
thickness to cut out the middle of the spectrum and leave 
the blue and extreme red only, the two systems of rings can 
be seen superposed by a single observer, though the light is 
insufficient for projection. In white light the figure is a 
very beautiful one, partially resembling that of two ordinary 
bi-axials crossed, but with modifications very difficult to 
describe. 

170. Theory of Bi-axials.^ — The theory of bi-axial 
crystals was gradually elucidated by the labours of Brewster, 
until Fresnel framed the one simple general conception of 
three axes of elasiicity in three rectangular directions. If 
all these were equal, rays proceeding from a point in the 
crystal in all directions would at the same moment reach 
the surface of a sphere, and the crystal could have no 
double refraction. If two were equal, both being per- 
pendicular to the third, all perpendicular to that third must 
also be equal, and the crystal must be uni-axial. If all three 
were unequal, it was shown by a beautiful mathematical 
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analysis that the crystal roust be bi-axial, the axes of no 
double refraction being simply resultants of the three dif- 
ferent elasticities, and lying in the plane of the greatest and 
least elasticities, at an angle dependent on the relative 
magnitude of the third or mean elasticity. This beautiful 
theory was shown to be exactly what ought to follow from 
the simple assumptions of the undulatory theory, and to 
account for every detail of the known phenomena; but 
several necessary deductions followed, which did not become 
apparent till after FresneFs death. It is therefore interest- 
ing to see how far these purely theoretical deductions were 
justified. 

171. Mitscherlich's Experiment. — It followed, first 
of all, that any alteration of the respective elasticities must 
necessarily alter the inclination of the axes ; and that should 
the change go so far that the mean elasticity became first 
equal to either of the others, and then reversed its re- 
lative magnitude compared with it, the crystal must first 
become uni-axial, and afterwards bi-axial with axes in a 
plane at right angles to the first. Now we have already 
seen that heat will effect such changes ; selenite especially 
being considerably altered by heat in relative dimen- 
sions and relative elasticities, by a very moderate rise of 
temperature. Professor Mitscherlich therefore took a plate 
of this crystal cut so as to show both the axes ; and ex- 
posing it gradually to a heat not exceeding that of boiling 
water, he had the satisfaction of seeing the two systems of 
rings gradually approach each other. A point was soon 
reached at which they coincided, and the crystal became uni- 
axial; and the moment after the axes began to open out in 
a direction at right angles to the former. 

This fine experiment is projected with the greatest ease, 
the only difficulty being in cutting the crystal. Unlike 
mica, whose natural laminae are at right angles ta the 
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two axes, the lamina of selenite include them, and the { 
crystal has therefore to be cue across its cleavages, 
plate of copper or brass, a (Fig. 184), has a hollow turned 
in its centre so as to leave only a very thin plate of metal 
to support the crystal, an aperture sufficiently large for the 
rays being bored in the thin plate. The crystal, rather 
larger than the aperture, should be set in a disc of cork 
rather thicker than itself (sliaded black in the figure) and 
shaped to fit the hollow ; the whole being covered by 
another thin metal plate, c. The airangement is then placed 
on the stage of the projecting apparatus, so tJiat the ends 
of the metal project well, and these ends are heated by spirit- 
lamps, or by one lamp alternately.' Suppose the crystal ts 
so arranged on the stage that the two systems of nngs 



appear at first perpendicularly upon the screen. As the ' ! 

slide warms there will probably be a cloudiness for a minute j 

or two, owing partly to moisture on the lenses and partly to I 

heating of the air between the lamina of the crystal ; and \ 
the heal should be applied gently till this clears away, as it 
will soon do. Then the axes will gradually be seen 

approach, till the rings exactly resemble those of a plate of ] 

calcite ; ^ and after this they open out again in a horizontal J 

^ Another good way is 10 cilt a hole, large enough lo hold ihe crystal I 
I<]Dsely, quile through the middle of a slip of brass the same thickness, 
retaming the crystal by doubline over both sides a piece of card in which ' 
are cut holes loo small for the crystal to fall through. TTie ends of the 
brass arc better bent away from Ihe stage. Crystals cost y. to is. each. 

' At this stage Ihe lamps had better be removed till it is seen how 
things go. I'he metal slide will probably have tatien up sufScieat but 
to go on further without more ; and a very moderate excess of heit 
will calcine the clear crystal into mere plaster of Paris. 
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direction. On the lamp being removed the whole process 
is reversed. 

17a. Conical Refraction. ^A more surprising proof 
of the reality of these " wave-shells " was discovered by Sir 
W. Hamilton. On projecting them according to this theory, 
they were found to resemble those partially shown in Fig. 
185 (from Miiller-Pouillet). Now if a single ray traverses 
the crystal in the line p p, or p' p', on reaching the surface it 
is refracted into air, as usual, from the perpendicular. Thai 
perpendicular has reference to the tangents of two different 




curves, and so produces two different refractions. If the 
shells are completed, however, as in a solid model, it is 
found that the four poitits p are <usps, or hollows resembling 
that surrounding the stem of an apple ; ' and it therefore 
follows that on emergence from the point p, the ray must 
be spread out into a diverging conica! shell 0/ rays. Here, 
therefore, was a mathematical prediction of a phenomenon 

' It is very difficult to pve a dear idea of the complicated wave- 
surfaces in bi-aiials to ordinary readeis. Some may derive assislancc 
from another and differently shaded ligiire, which will he f 
the article " Undulatory Theory," in Ckambirs's Cyelepadia. 
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never foreseen by Fresnel, who had confined himself to the 
single plane through the points p shown in the diagram ; 
and such a kind of refraction was not only opposed to all 
experience, but to all apparent probability. 

At Sir William Hamilton's request the matter was tested 
by Dr. Humphrey Lloyd in a crystal of arragonite. The 
lines p p and p' p' are lines of single velocity, and coincide 
nearly with the optic axes, but not exactly, their angle being 
nearly 20°. A plate is needed \ inch or a little more in 
thickness for this experiment, cut across both axes. Then 
^ a thin metal plate with a very sreiall aperture was fixed on 




one side of the crystal plate, and a movable one on the 
other, while the crystal was fixed in a frame movable by a 
screw so as to present the crystal at various angles. A 
beam of light was then condensed on the aperture o {Fig. 
186) at an angle of 15° 01 15°, so as to be refracted in the 
direction of o m, or o n, which is nearly an optic axis.' 
When the adjustment was complete, on looking through 
the second aperture, instead of two apertures a brilliant ring 

' The ceitvergmcf of the rays, lo produce a single ray within the 
(Tplal, must of course corrEspond with the calculated divfrgfria on 
leaving the crystal. The optic aiia is the normal to the common 
tangent-plane touching both wave-surlaces. (See ne»l page nnd g 13$.) 
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of light appeared to the observer ; Sir William Hamilton's 
prediction being thus justified to the letter ! 

In a similar way it was shown that if a very small pencil 
of parallel rays (sensibly apparent as a single ray) were 
incident at O, so as to be refracted exactly into the opric axis. 
it should be divided into an initmai cone within the crystal, 
which on emergence would resume parallelism and appear 
as a hollow cylinder of rays, since the cone would reach the 
wave-shells at the points where the common tangent-plane 
touched them in a small circle surrounding the cusp. The 
cone in this case was so small that the phenomena were much 
more difficult to observe: but by adjusting the crystal with 
extreme care, this prediction also was verified in actual fact 
The easiest way of observing conical refraction is to 
substitute for the aperture o, a Jine slit, in the plane of the 
optic axes. Then if the aperture m be fixed on the other 
face tolerably near the correct position, on gradually tilting 
the crystal in the plane of the axes, when the right point is 
reached the slit will be seen to split in the middle into two 
oval curves. The experiment is only one for the student, 
the small pencil of light not permitting of projection. 

173. Relation of the Axes in Uni-axial and 
Bi-axial Crystals. — It further follows that, according to 
this theory, the optic axis of a uni-axial crystal by no means 
coincides in character with one of the axes of a bi-axial ; but 
is simply a limitmg case, in which both these axes coincide. 
Professor Mitscherlich's experiment is one beautifijl proof 
that this is the case ; and further optical proof of it will 
be found in the next chapter, where it will be seen that 
important optical phenomena of both axes in a bi-axial, are 
preserved distinctly in uni-axial crystals. 

174. Composite, Irregular, and Hemitrope 
Crystals. — Twin or macled crystals are found very often ; 
a slice of nitre, for instance, can be found without difficulty 
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thai will exhibit four systems of rings. Calcite is often 
found in which thin layers crystallmd in (he opposite direction 
are frequent, A large crystal of such calcite, if a ray is sent 
through it to the screen, gives a greater or less number of 
coloured images : the interrupting film answering to the films 
of mica or selenite in our earlier experiments, and the thicker 
masses to analyser and polariser — the whole being a sort ot 
natural Huyghens' apparatus fixed in one position, with a 
film between the two prisms. But far more beautiful effects 
are obtained if a plate be cut across the axis including one 
of these films or planes, and exareiined in the convergent 
light. The system of rings is then modified by glorious 
brushes of coloured light, which radiate somewhat like the 
spiokes of a wheel (D, Plate I.) ; and the pattern of the 
rings themselves may be varied in a beautiful manner. If 
such a plate is cut thin enough to exhibit in the very con- 
vergent system, on moving it about so that the conical pencil 
may traverse different points in succession, the phenomena 
will sometimes vary in an extraordinary degree. 

These effects may be partially imitated by placing a film 
of mica or selenite between two thin plates of calcite cut 
across the axis ; and are perfectly imitated if the calcites are 
ground into a pair of wedges making together a parallel 
plate. Pieces of calcite subjected to strong pressure and 
then cut, also give fine irregular phenomena; or a plate 
may be projected whilst squeezed in a small vice. 

Quartz crystals are often found in which right and left- 
handed crystallisation are combined. In amethyst they are 
often combined in alternate layers. Such a crystal shows of 
course bands or other portions which change in colour in 
opposite directions. These are best shown in parallel light. 

Other irregularities are often found. Feno-cyanide of 
potassium, for instance, is properly a uni-axial crystal. But 
crystals can be found, out of any jar, of which sHces give 
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bi-axial effects : and yet others, which give symmetncd 
coloured patterns, which are very beautiful though crystal- 
lographically irregular. 

175. Mica and Selenite Combinations. — Norrem- 
berg demonstrated the cause of these beautiful phenomena, 
or at least closely imitated them, by combining films of 
selenite with films of mica, a selenite being placed betweea 
two micas. The micas in Norremberg's arrangements wen 
parallel ; and in some conabinatitwis the principal axis in the 
selenite was parallel to the mica axis, and in some acroai 
it. Then four of these triple films were combined in any 
way, so that the two kinds were symmetrically superposed : 
such as four of each, tvro of one and two of the other, two 
of each crossed, two pairs of the same crossed, one of each 
crossed alternately, and so on. The student will probably 
contenthimself by crossing films experimentally ; only taking 
care that pairs of the mica are of equal thickness. By trial 
he can hardly fail to find positions which give beautiful 
effects; and the preparation can then be permanently 
mounted in balsam and benzol. The micas must always be 
either parallel, or exactly crossed ; and Mr. Fox, who has 
experimented very largely in this direction, tells me that 
little effect can be got with less than about \ wave thick, or 
thicker, unless many films are employed. Bi-axial am- 
structions, made with films whosemica-axes are al! the same 
way, are still more resplendent in colour, but less attractive 
in figure, than the crossed patterns ; a poor idea of two of 
which is given in E, F, Plate I. 

176, Crossed Crystals. — These give beautiful effect^ 
but the best of them require the convergent system. Two 
plates of mica are easiest put together, and give four 
systems of rings (A), or when tlie preparation is rotated 
45 degrees show beautiful hyperbolic curves in the centre 
(B, Plate VI.). Crossed arragonite or topaz give similar 
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effects, without the smokiness of the mica, 
titanite is effective, owing to its peculiar dispersion. 

Two ordinary films of selenite i mm. or more thick, too 
thick to show any colours alone, when crossed give hyper- 
bolic curves in convergent light ; as do two quartzes parallel 
to the axis. 

177. Norretnberg's Uni-axial Mica Combinations. 
— The most interesting, however, of this kind of combina- 
tions are also due to Professor Norremberg. Mica is found 
occasionally uni-axial ; and bi-axial ^ecimens are found of 
all angles from 0° up to 75°, in tliis respect resembling the 
ferro-cyanide of potassium. Senarmont had proved by 
experiment the results of combining salts crystallising in 
identical forais geometrically opposite. Thus, the double 
tartrate of soda and potash (Rochelle salt) crystallises in 
prisms ; and if we replace the potash by ammonia, we get 
similar prisms. Moreover, both are bi-asJaL crystals with an 
angle of 76°, and a peculiar dispersion of the axes pointed 
out by Sir John Herschel is the same in each. The one 
optical difference is, that the plane of the optic axes passes 
through the smaller diagonal of the rhomb which forms the 
base of the prism in one case, and of the longer diagonal in 
the other, Senarmont showed, that by crystallising mixtures 
of the two double salts, the angle of the axes could be 
diminished : and that with a certain proportion the crystal 
became uni-axial like calcite ; though, owing to the great 
dispersion of the axes, it can only be strictly uni-axial for 
one colour in any given combination, whence the peculiar 
dispersion noticed in 169. 

Hence Norremberg supposed there might be two kinds of 
micas ; isomorphous, but geometrically opposite : and that 
the variable angles, and uni-axial micas, might be produced 
by superpositions of infinitely thin films of each, in different 
proportions and positions. 
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Experiment proved this. A number of thin films of mica 
crossed alternately at an angle of 60°, reduced the angle ot 
the bi-axial mica firom about 70° to about 46°. But far more 
interesting was the gradual passage to the uni-axial fonn 
when the films were crossed at 90°. Denoting a thickness 
of one wave-length retardation (J.e, four times that of a 
quarter-wave plate) by w, Norremberg constructed the 
following series, where the figure under the alphabetical 
letter denotes the number of films, and the bottom fractions 
the thickness, the total of all being three wave-lengths of 
retardation. 



A 


B 


C 


D 


E 


F 


I 


2 


4 


8 


12 


24 


30/ 


3«/ 


yw 


T^W 


2,2V 


3tt/ 



2 48 48 

In this series of preparations (which require the converg- 
ing system of lenses to exhibit them), a of course gives the 
ordinary bi-axial phenomena, b gives four systems of rings 
with hyperbolic curves 'j( A, B, Plate VL). In c we get the 
first approach to the uni-axial character, which becomes 
more and more perfect as we proceed, until at last there is 
absolutely no difference between the phenomena and that 
of a plate of calcite. It will also be found that c and d give 
remarkable resemblances to the irregular crystals of the 
ferro-cyanide (A, C, D, Plate VI.). 

There is no magic in three wave-lengths as the total 
thickness. All that is necessary in making these instructive 
preparations is that, as before described, all the films of any 
one preparation be of the same thickness, and the planes of 
polarisation which contain the two optic axes, in each 
alternate film, accurately crossed. The method of obtaining 
both conditions has been already given (§157). I prefer 
to add an intermediate preparation of six films between 



tv.] AIRVS SPIRALS. 

c and D, which gives Ihe first complete black square ring. 
Then eight films give two such rings, the inside one more 
circular and the outer one square ; while twelve films give 
three rings, sixteen four rings, and so on. 

178. Airy's Spirals. — Owing to the character of the 
doubly-reft'acted rays in quartz, if a plate of " right " 
and another of "left," of equal thickness, be placed to- 
gether in the crystal stage and analysed by convergent light, 
the coloiu' IS not exactly neutralised, as it is in parallel 
light, but we get a most beautiful quadruple spiral (shown 
in F, Plate VI.). These spirals were discovered by Mr. Airy, 
and are called by his name. They form a most beautiful 
screen projection. About ^'^th of an inch to J inch each is 
a good thickness for each plate for the objective described, 
the plates of all crystals needing to be thicker the longer 
the focus employed. A single quartz plate will, however, 
also show the spirals in Norremberg's "doubler." If truly 
cut square to the axis, it may be laid on the bottom mirror, 
holding a lens about i^ inches diameter and, say, z inches 
focus above it, so as to converge and re-collect the rays 
which have twice passed through the plate ; but should the 
quartz not be quite true, the lens must be laid on it, and both 
together adjusted by hand till accurate spirals appear. This 
experiment is particularly interesting as showing the reversal 
of the rotation described in § 150. 

Reusch's artificial mica-film quartzes present all these 
phenomena perfectly.* In convergent rays a single one 
exhibits the rings with coloured centre, and black brushes 
as the centre is receded from ; and a pair of right and left 
superposed give perfect Air/s spirals. 

179. Savart'8 Bands. — If slices of quartz are cut 
neither parallel with axis nor across it, but at 45' angle, 

' I have fpeciraens, prepared by Mr. Fox, which are ae pericct in 
rings, and bmshet, and Airy's »piralB, as any qaaities could ponibly l*. 
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such slices singly show h}'perbolas ; but if two such dko 
are crossed at right angles, these become in conveigeni 
light straight lines, called "Savart's bands," and such aconfr. 
bination is a very sensitive test of polarised light, the lonft 
degree of polarisation making the bands visible. SBioei. 
of calc spar split . naturally and crossed give the sane 
results (E, Plate VI.). ■:. 

All these phenomena of quartz have been worked '^ 
mathematically from the theory, most of them by Mr. Aa|l. 

It may be mentioned here, that in these phenomenft^ J|* 
in all others, if the thin glass analyser, Fig. 155, be.nNl 
instead of the Nicol, the complementary image to that onlbt 
Screen will always appear on the ceiling. Complicated as 
the phenomena may be, such an analyser never fails thus to 
sort them out rigidly into two complementary sets. 



n.7. ROTARY AND CIRCULAR POLARIZATIOM 
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Modifications in Crystal Figures Produced by one Quarter- Wave Plate— 
Eiplaoation of tlis Phenomena — Results of Polarising and AnalyElng 
Circularly— Quartz in Ci re ularly-Pa larised. Lighl— Spiral Figures 
showing the Relation of Uni-axial and Bi-axial Axes. 

Having traced the general phenomena of crystals when 
examined in convergent plane-polarised light, we next 
proceed to examine the appearances they present in 
circularly-polarised light ; being prepared by our previous 
experiments with this description of light for some inter- 
esting variations of the phenomena. 

i8o. Effects of a Single Quarter-Wave Plate 
on the Rings of Crystals.— We place first the large 
quarler-wave plate (in its usiial position) in the ordinary 
slide-stage of the polariscope ; and place the plate of cakite 
cut across the axis in the crystal stage. The calcite loses 
its black cross, as we should expect, the cross being replaced. 
by a thin (mere lines) nebulous grty cross which rotates with 
the analyser, on either side of the arms of which alternate 
quadrants of rings are dislocated as in C, Plate VII., the light 
rings in one qtiadrant being opposite the dark parts in its 
neighbours, This figure does not change in the least as the 
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analyser is rotated, but the quadrants and rectangular 
nebulous lines simply rotate with it. 

Bi-axial crystals give similar phenomena, the arms of the 
cross which pass through the axes being replaced by nebulous 
lines, on each side of which the semicircles of each system 
of rings are dislocated. This is most distinctly shown by 
placing in the crystal stage a plate cut across one axis only, 
as in the nearly circular rings of one axis in sugar-candy. 
If the quarter-wave plate be rotated 90° the quadrants or 
semicircles which were first the smallest, will gradually be- 
come the largest, and viu versL Precisely similar eflfects 
will be found if the large quarter-wave plate be withdrawn, 
and the light analysed through the smaller one, placed in its 
usual position between the crystal and the analyser. 

181. Explanation of the Phenomena — This strange 
dislocation of the rings is easily explained, if we remember 
the original composition of the circularly-polarised ray, which 
is compounded (in passing through the mica-film) of two 
rectangular plane vibrations, one of which is a quarter- 
undulation in phase behind the other — or in other words, 
referring to Fig. 171, one vibration in»the middle of its swing 
aeting upon another at the moment of rest, represented by 
the arrows in that figure. In the quarter-wave plate, sup. 
posing the plane of polarisation to be vertical, the vibrations 
are diagonal ; and may be represented by the diagonal pairs 
of arrows in Fig. 187. Let this figure represent the plate of 
calcite with polariser and analyser crossed : in each quadrant 
the circularly-polarised ray, on entering the crystal, is doubly 
refracted into its plane-polarised components, one of which 
enters the plate a quarter-undulation behind the other. But 
we have already seen (Fig. 180, § 160) that the crystal itself 
doubly-refracts any non-central ray into two rectangular com- 
ponents represented by radii and tangents to the circles ; and 
in every uni-axial crystal, either the radii or the circles are 
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uniformly the most retarded— in the case of calcite the-j 
radii. Now in each order of colours or " ring," there is some 
position or distance from the centre where the retardation is 
either a half-wave or an odd multiple of a half-wave ; and 
on the other hand, mere inspection of Fig. 187 shows that 
in the middle of each quadrant the two plane vibrations 
emerging from the mica-film (and after composition into a 
circular orbit, again decomposed) coincide with the plane 
vibrations — radius and tangent — in the plate of calcite. It is . 
also seen that whereas in the calcite alone, all the radii are 1 



I 




at given intervals retarded one or more half-waves behind ' 
their tangents, it is different with the mica retardations. In 
two quadrants the vibrations, a b, a b, coincide with radii, 
while in the alternate ones, a b, a b, coincide with tangents. 
All the uniform annular half-wave retardations of the calcite 
are therefore in two quadrants augmented by an additional 
quarter-wave retardation from the mica ; and in the inter- 
mediate quadrants counteracted by a quarter-wave retardation 
of the opposite polarising plane. The result is therefore 
a dislocation by two quarters, or half a wave ; which 
brings the bright rings of one against the dark rings of its i 
neighbouring quarter. 
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182. Result of , Polarising and Analysing Cir- 
cularly. — This having been demonstrated, place belJt 
quarter-wave plates in their usual iiositions, and the caldte 
in the crystal stage between them. Another very beautiful 
modification follows. With analyser crossed or parallel, all 
cross lines or dislocations have vanished, leaving only perfect 
dradar coloured rings (D, Plate VII.), But as the analyser 
is rotated, alternate quadrants expand and contract in ft 
beautiful manner, till at 45° we have the dislocated quadranl^ 
and at 90° the complementary perfect rings to those in 




latly Poluluil. 



first position , the successive appearances being represented 
in Fig 188, A, B, c 

The appearances in a bi axial, such as nitre, are analogous 
and beautiful, all brushes having vanished, and each axis 
being surrounded by unbroken rings (E, Plate VII.). And 
lastly, at the point when the rings are perfect and unbroken, 
if either the crystal stage with all it bears — crystal, quarter- 
wave plate, and analyser — or even only the quarter-wave plate 
and analyser, be rotated, no change whatever occurs ; the rings 
remain unbroken, and all trace of polarising planes, as theoiy 
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vould lead us to expect, is completely lost. The most 
marked demonstration of this is to rotate the whole affair 
with a crystal of nitre, or arragonite ; as nothing can 
more strikingly show the perfect independence of any planes 
of polarisation than the fact that such a bi-axial, which 
ordinarily changes so greatly (see D, E, F, Plate V.), when 
the crystal itself is rotated tilt its two axes stand at 45°, 
shows no change whatever when rotated as described. The 
perfect rings round the two axes rotate round each other, but 
remain in all positions unaltered. 

It may be worth while to remark, that a circular chilled 
glass in the optical stage behaves exactly like a uniaxial 
crystal in the crystal stage, under circularly-polarised ItghL 
Placing next the polariser a quarter-wave plate, and then the 
chilled glass, the usual black cross is replaced by the thin 
nebulous grey cross, which rotates unaltered with the 
analyser; and adding the second quarter-wave plate, (he 
analyser at 0° and go' gives perfectly unbroken and com- 
plementary rings, while in intermediate positions the 
alternate quadrants expand and contract during the 
transition. 

183. Quartz in Circularly-Polarised Light. — 
When quartz is placed in the crystal stage and examined 
with a single quarter-wave plate, the curious double spiral 
shown in F, Plate VII,, is seen. The number of spiral 
rings depends on the thickness of the plate and conver- 
gence of the rays. With two quarter-wave plates — one 
each side of the quartz — we get perfect rings, as with other 
uni-axial crystals. The significance of this phenomenon 
■will presently appear. 

184. Spiral Figures. — It is remarkable that in the tore- 
going experiments the rings surrounding a single axis of a 
bi-axial crystal, when polarised and analysed circtilarly, appear 
as perfect circles ; or are apparently precisely similar to those 
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surrounding the axis of a uni-axial crystal. From this the 
conclusion might be drawn that one axis was similar to the 
other in character. We have seen already (§ 173) that 
this could not be the case according to FresnePs theory; 
and Mitscherlich's experiment (§ 171) is a beautiful demon- 
stration of the gradual approach of the axes of a bi-axial 
until the uni-axial form appears as a limiting case, in which 
both axes coincide. It appeared to me, however, desirable 
to seek for further experimental proof that the axis of a 
uni-axial crystal was not only such a limiting case, but 
actually did still retain or embrace within itself in some 
visible form the optical qjiaracteristics of the two axes thus 
brought into coincidence. This object seemed most likely 
to be obtained by the aid of quartz or some similar substance 
having properties of rotatory polarisation. Such substances 
having, apart and distinct from the ordinary double-refraction, 
two different axial velocities or waves, capable of being 
brought into interference; and the two axes of a bi-axial 
being dissimilar from the nature of the case, one of them 
having the character of a principal axis and the other being 
secondary to it ; it seemed probable that, by proper means, 
the two axes might be made to exert some kind of differential 
or selective action upon the two sets of waves passing through 
the rotatory substance. This expectation was confirmed 
by the curious double-spiral (first noticed by Mr. Airy ^) as 
displayed by quartz when placed in somewhat convergent 
circularly-polarised light (§ 183), the true cause of which 
appeared to me to be connected with this very matter, as we 
shall presently see that it is. 

I placed therefore in the apparatus first, next to the 
polariser, a quarter-wave plate ; then, in the crystal stage, a 
calcite; and next to this, also in the crystal stage (made 
with a wide opening to admit extra plates) a plate of quartz 

^ Cambridge Transactions, 1831. 
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from 5 mm. to 75 mm. thick. The result is the beautiful 
system of double spirals, mutually enwrapping each other, 
shown in A, Plate VIII., and which changes in colour, or 
appears to approach or recede from the centre, as the 
analyser is rotated ; though there are of course only certain 
opposite positions of the polariser {related to that of the 
quarter-wave plate) which produce them. The point to be 
here remarked is the double spiral observed in the uni-axial 
crystal.^ 

This figure however so closely resembles, in all but the 
number of its convolutions, that observed by Mr. Airy in 
quart; alone, in convergent Sight, that it might possibly be 
due to the quartz itself. To determine this point it is 
necessary to test other crystals, and to get rid of any 
such possible cause. We therefore replace the calcite in the 
crystal stage by a plate of sugar cut across one of its two 
axes.* Tlie result is the spiral shown in B, Plate VIII. It 
will be observed that with this single axis of a bi-axial we no 
longer have the double spiral, but a single one, correspond- 
ing strictly to the theoretic relation of which we are 
seeking proof, and also showing that these figures are not 
proper to the quartz in itself, but to some selective action 
of our other crystals upon its two axial waves and their 
interferences. 

A single axis being thus tested, we replace the sugar in 
the crystal stage by some bi-axial, such as nitre, cut at right 
angles to the median line between bolh axes. The result ij 

' These spiral figures were first publicly exhibited at a meeting of 
ihe Physical Society of London on November 12, 18S1, having beea 
discovered and projected before a few friends two years previously, 

' It is very difficult lo cut sugnt in this way, [he crystal being so 
fragile, and the cut quite an artificial one. But the crystal is peculiarly 
suitable for the purpose, having very little axial dispersion, so that one 
of its ajies, if truly cut, gives sensible circles. Sugar is easily cut to 
show bolh axes, such a section being p:irallel to a natural face. 
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the double spiral shown in C, Plate VIII. The relation still 
holds good ; each axis has its own spiral, and the two now 
mutually enwrap each other as in the calcite. 

To examine crystals with wider angles, we must of course 
employ the convergent system. But a moment's reflection 
will show that we must also alter our other arrangements. 
In such strongly-convergent light the rings and spirals proper 
to the quartz itself^ which have not appeared in the moderate 
convergence so far employed, would overpower and distort 
those belonging to the crystals under examination (a single 
experiment will show that they do). It is moreover well to 
demonstrate absolutely that the figures are in no way due to 
any effects of convergent rays traversing the quartz, but solely 
to selective action upon the right-handed and left-handed 
waves traversing it axially. We therefore reverse our 
arrangements, placing a large plate of quartz, say 7^ mm. 
thick, next the polarising Nicol, in parallel light, and intro- 
ducing the quarter-wave plate between the crystal to be 
examined and the analyser. Of course, as it is the analyser 
which is now related to the quarter- wave plate, the spirals 
only appear in opposite positions ; while on the other hand, 
with analyser in those positions, they only move and change 
in colour as the polariser is rotated.^ 

First we take again the small angle of a nitre crystal, but 
which, for this strongly convergent light, to show conspicuous 
rings, must be cut much thinner than the former. The result 
is shown in D, Plate VIII. ; where it is to be observed 
that we can hardly distinguish its spirals from those of the 
calcite (A, same plate). They are just a little drawn out 
into an oval form, precisely as we should expect ; and that 
is all. Arragonite, with a wider axial angle of about \%\ 

^ This arrangement might have been adopted all along ; but the ex- 
periments are given as first made, in order to show how each point was 
successively determined. 



shows a spiral of several turns round each s 
(E, Plate VIII.), but still mutually enwrapping each other at 
last; aod finally mica, or sugar, or other crystal with an 
angle of say 45° to 60", shows still more numerous con- 
volutions, but still preserving the same mutual relation 
{F, Plate VIII.). Only crystals which, owing to peculiarities 
in their double refraction for various colours (g 169), do not 
show in the ordinary mannerlolerably complete lemniacates, 
for the same reason fail to show these figures. 

That the spirals are due to selective action upon the 
coloured components of the two axial quartz waves, is shown 
by the fact that they are not seen at all in homogeneous 
or one-coloured light. 

We next examine a crystal of selenite gradually heated, 
thus repeating Mitscherlich's beautiful experiment with this 
additional method of analysis. Care is required to produce 
equally perfect figures, the least excess of heat on any side 
of the crystal of course causing distortion. This can how- 
ever be avoided. We first obtain two spirals exactly similar 
to those of F, Plate VIII. As the axes approach and 
coincide, the spirals also approach in their centres, until at 
the point of coincidence they exactly resemble those of the 
calcile {A, Plate VIII,). And finally they re-open in a 
direction at right angles to the former. All through we have 
a double spiral ; and we can only get a single one by taking 
separately one of the axes of a bi-axial ; the axis of a uni- 
axial always preserving what we may call its twin character. 
Thus we have the ocular proof sought, of the relation 
predicated by the theory of Fresnel between the axes of the 
two classes of crystals. 

But the reason is also thus demonstrated of the spirals 
observed by Mr. Airy in quartz itself (F, Plate VII.), when 
examined in convergent circularly -polarised light. We see 
that the quartz, considered as an ordinary uni-axial crystal, 
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is able, owing to its peculiar and totally distinct effects upon 
plane-polarised light passing through it axially, to show its 
own spirals^ which of course are double. These are not seen 
at all in parallel light ; and on the other hand, if we employ 
extremely convergent circularly-polarised light, they become 
as numerous and distinct as those of the calcite. 

A crucial test of this view of the case readily suggests 
itself. If it be well founded, we can represent our quartz 
artificially, as it were ; since many fluids act similarly (§ 151) 
upon a plane-polarised ray. If therefore we take a column 
of such fluid of sufficient length, and any ordinary uni- 
axial crystal, the one will represent the axial properties, and 
the other the ordinary doubly-refractive properties of the 
quartz ; and the two ought to give us double spirals ; in fact 
an adequate column of fluid ought successfully to replace 
the quartz in all the foregoing experiments.* 

The rotatory effect of fluids is so inferior to that of quartz, 
that it is not easy to transmit sufficient light to give good pro- 
jections through a column of fluid of adequate length. By 
employing a tube 8 inches long and 2 inches in diameter 
with plane glass ends, filled with oil of lemons (i lb. of 
which costs about loj. 6^., and is just suflftcient to fill such a 
tube) the object can however be effected. We introduce 
this next the polariser in lieu of the quartz. In the crystal 
stage we place the calcite or any other uniaxial crystal; 
and now introducing the quarter- wave plate between crystal 
and analyser, we obtain at once the double spirals. The 
fluid will also give the same phenomena as the quartz with 

^ It is probable that a bar of heavy glass in the electro -magnetic 
field would give similar effects ; but I have not as yet been able to 
test the matter experimentally, and there is the very interesting dif- 
ference between the behaviour of such a bar and other rotary substances 
described in § 150. It seems scarcely probable that this difference 
would affect the above phenomena ; but the settlement of that point 
would be interestma:. 
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other crystals, its slightly yellow colour only slightly inter- 
fering with the effect, for the same reason that the figures 
fail to appear in homogeneous light. Spirit of turpentine is 
free from this defect, but requires a column of almost 
unmanageable length. 

Finally, it may be mentioned that Reusch's artificial 
quartzes made of mica-films (§ 157) and Norremberg's arti- 
ficial uni-axial crystals made of crossed micas (§ 177), give 
in each case similar results to the natural crystals. So also 
does a circular disc of unannealed glass in parallel light. 



CHAPTER XVII. 

POLARISATION AND COLOUR OF THE SKY. — POLARISATION 

BY SMALL PARTICLES. 

Polarisation of the Sky — Light Polarised by all Small Particles — Blue 
Colour similarly Caused — Polarisation by Black Surfaces- -Experi- 
mental Demonstration of the Phenomena — Multi-coloured Quartz 
Images — Identity of Heat, Light, and Actinism. 

185. Polarisation of the Sky. — On a clear day, in 
morning or afternoon, almost any of the colour phenomena 
we have now reviewed may be tolerably seen, by using the 
tourmaline close to the eye as analyser, and looking through 
the selenite or other object to the sky as polariser, in any 
direction at a tolerably wide angle with the direction of the 
sun, the maximum effect being at 90°. For instance, if the 
sun were due east, the greatest polarisation will be found 
anywhere in an arc extending due north and south. In the 
most favourable positions the quantity of polarised light is 
about one-fourth of the whole, and the rings in crystals can 
be seen very plainly with the sky as polariser. The direction 
of greatest polarisation of course depends upon the place of 
the sun ; and upon this fact Sir Charles Wheatstone based 
the construction of a " polar clock," which gives the astro- 
nomical time by the effects upon slips of selenite in certain 
positions. 
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. Cause of the Phenomenon. — Briicke and Pro- 
fiissor Tyndall have beautifully explained not only this 
phenomenon, but also the blue colour of the sky, by proving 
experimentally that the light reflected laterally, or at right 
angles with the incident rays, from any particles whatner 
sufficienUy small^ is both polarised and of a blue colour. The 
blue colour is easily understood if we remember what we 
have always found, that the blue waves are the shortest or 
smallest. Hence, from particles so small as to be in com- 
mensurate relations with them, the smaller waves may be 
wholly reflected, while larger ones are broken up or shivered 
into fragments, as it were, and so destroyed; just as — to 
quote Dr. Tyndall's own image^pebbles on a shore reflect 
small ripples entire, while they scatter and break larger ones. 
A secondary proof of this is ready to hand in the colour of 
transmiiied light. If it is partially robbed of its blue by 
these transverse reflections, the light transmitted ought to be 
more short of blue, or perceptibly yellowish, or in extrerae 
cases reddish. That this is so we see every sunset, and also 
by the colour transmitted through any of the media 
presently mentioned. 

187. Polarisation by Small Particles. — The polarisa- 
tion at an angle of go' with the incident ray, or at an 
angle of 45° with the surface of each minute spherical 
particle, has been considered a difliculty. Sir John Herschel 
remarked, that it supposes an index of refraction of unity ; 
or that in the case of the sky we have to suppose re- 
flection in air upon air. There will be no difficulty in 
supposing this, if we conceive the molecules of air reflecting 
light at all ; and the angle of 45° is exactly what we shall 
expect, if we receive the reasoning advanced in § 120, or 
attach any weight to Sir David Brewster's arguments that the 
r*rt/ angle of polarisation in all cases is 45°. We have only 
to suppose that in any case of this scattered reflection the 
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reflecting molecules are too small to exert any refractive influ- 
ence, and the whole difficulty is solved. While some, there- 
fore, have considered polarisation by small particles to be a 
fourth method of polarising light, it is not so considered 
here, but simply r^;arded as another case of polarisation by 
reflection. 

1 88. Black Surfaces. — This seems also the only 
method of explaining the curious phenomenon of polarisa- 
tion or anal3rsation by a black surface, which was brought to 
my notice some time ago by Mr. Thomas S. Bazley. It is 
stated in many works upon phjrsical optics that a black ribbon 
absorbs all the colours of the spectnim ; but this is by no means 
practically the case in most instances with the bright tolours 
of the solar sj>ectrum, which have a peculiar and attractive 
effect — of course owing to scattered reflection — on a black 
ground. Further, however, if we pass the light from the 
lantern through a polarising Nicol and a plate of selenite, 
without any apparatus usually known as an analyser, and 
receive the light at right angles on a dead-black card, the 
colour due to the selenite will apf)ear, though it will not 
if the card be white. ^ Hence the black card itself acts as 
an analyser ; and we can only explain this on the supposi- 
tion that the black colouring matter, by absorbing or quench- 
ing the reflections from the flat surface as such, allows 
us to perceive the comparatively feeble results of the light 
reflected from the small particles of carbon or other colour- 
ing matter. These particles are however so large, that it 
will be found the polarising angles considerably exceed 45°. 
And the colour is of course comparatively feeble. 

189. Experimental Demonstration. — Professor Tyn- 
dall precipitates fine vapours ^ in an exhausted glass tube 

^ That is, with the card at right angles. An inclined white card 
analyses as a reflecting surface. 

2 Professor Tyndall has employed vapour from nitrite of butyl and 
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with glass ends ; but simpler apparatus will amply suffice 
for us. Small particles in water show the same phenomena, 
and either (r) a very Utile soap, or (a) a few drops of milk, 
or {3} about six grains of resin in an ounce of alcohol, or 
(4) about five grains of pure mastic in the same, will answer 
very well. The mastic is best, and soap handiest for a 
sudden occasion ; or a teaspoonful of the solution of coal- 
tar in alcohol known as Wright's Liquor Carbonis will give 
excellent effects if stirred into water. We may take a common 
glass lamp-chimney, 12 inches by 2 inches, grind one end flat 
and cement on it a flat glass plate, and fit a vulcanised stopper 
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to the Other. Fill carefully with filtered waler, in which a 
■ very little soap is dissolved, or into which ai)out a teaspoon- 
ful of the mastic in alcohol has been gradually poured while 
the water was violently stirred, either being filtered into the 
tube to remove dust, which mars the effect by reflecting 
common light. Mount the tube t in two semicircular notches 
of a cradle stand, as in c, Fig. 189, and adjust the lube 
horizontally in front of the plain optica! objective — i.e. taking 

hydrochloric acid, nitrite of amyl, bisulphide of catlion, md mmy 
other compounds. A friend nf mine has obtained beautiful results 
frum a. hIiiIT of tobacco smoke. . 
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away the polariser — so as to throw the beam of light from 
the lantern along its axis. 

If a dead-black board or sheet of card is held behind the 
tube, it is soon seen that it appears blue. The black back- 
ground is not even necessary, for the tube shines with a 
sky-blue light, unless the quantity of solid matter is much 
too large. It, will also be readily seen, on looking as 
nearly as possible at right angles towards the tube through a 
Nicol, that most of the scattered light is " polarised " ; for 
rotating the Nicol in the hand alternately quenches and 
restores it, and a selenite held between the tube and the 
Nicol at the eye shows its colours. We have already learnt, 
however (§ 115), that any apparatus which will act as a 
polariser, may also be employed as an analyser ; and by 
polarising the light first, and using the tube as analyser, we 
can make the phenomena visible to a number of people at 
once. Add the Nicol, n (Fig. 189), to the nozzle ; the light 
from the lantern is now polarised, so that all who sit nearly 
at right angles with the tube can see the phenomena. As 
the Nicol is rotated, the light proceeding laterally from the 
tube is quenched or restored ; and when quenched from a" 
spectator on the same level, it is of course brightest to an eye 
looking down upon the tube from the top. Finally, if we 
hold a large quartz plate at Q, as the Nicol is rotated we get 
beautiful successions of colours in the tube. 

190. Multi-coloured Images. — This is the simplest 
adaptation of the usual mode of performing this beautiful 
experiment ; bpt there is a far better method — one not only 
easier, but which produces effects of surpassing brilliancy 
and beauty, and which, as a truly magnificent lecture 
demonstration, may fitly conclude this work.^ Procure a 



^ I was originally indebted for this beautiful modification of the 
experiment to Mr. John Thomson, of Dundee, a very able demonstrator. 
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plain cylindrical glass jar on a foot, j (Fig. 1 90), \ 2 inches to 
16 inches high, and 2 inches to ai inches diameter. Having 
cleaned it bright^ filter the solution into that, and over it 
adjust the plane reflector, R, at an angle of 45". The reflector 
throws the light from the Nicol, n, down through the fluid, 
which needs no glass plate, while the quartz can be laid on 
the top of the jar at Q. The first great advantage of this 
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method is, that the audience all over the room see theeflects 
perfectly, if about the same height as the jar ; whereas with 
the other and usual plan, only those who can look nearly at 
right angles towards the tube perceive much of the pheno- 
mena, which depend upon an angle of nearly 90°. Still 
further, however: if two additional silvered miirors, m m, 
ingenuity, but llie 
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about the height of the jar by 6 inches or 7 inches wide, are 
arranged perpendicularly behind the tube, inclosing it as it 
were within a right angle, though not touching, they give, of 
course, by reflection, two additional images of the illumi- 
nated tube ; but each of these, since the light leaves the tube 
from a different side, exhibits when the quartz is used a 
different colour, all three changing to successive colours with 
the rotation of the Nicol. With a large Nicol polariser em- 
bracing the full parallel beam from the lantern, the effect is 
finer still, and may be varied by employing a jar of rather 
greater diameter, and throwing the polarised light down 
through two apertures covered with quartzes of opposite 
rotations. In this case, in all but two positions of the 
analyser, there will be two beams of light in each image 
of the jar, glowing with different .colours. 

191. Identity of Light, Heat, and Actinism.— 
That the heat rays and chemical rays are subject to the 
same laws as luminous rays, as regards reflection, refraction, 
and dispersion, has been already stated (§ 88), and 
is a familiar truth proved in every camera every day. It 
only remains to state that they obey also the laws of 
polarisation and double refraction. If the two images 
which have passed through a double-image prism are tested 
with a thermopile, this is readily demonstrated, as is the fact 
that the ray is quenched whenever polariser and analyser are 
crossed. The actinic rays may be similarly tested with a 
sensitive plate, thus making the demonstration complete as 
regards all the rays of the visible and invisible spectrum, 
and proving that the sole difference between any of them is 
in period of vibration; some periods being more active in 
certain ways and some in others. Captain Abney has very 
recently shown that it is possible to obtain in a dark room 
a photographic image of a kettle heated far short of 
the luminous degree 3 or on the other hand, to impress a 
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sensitive plate with a photogiaphic image of large portions of 
the spectrum through an apparently opaque plate of ebonite. 
And Professor Tyndall has carried the demonstration to 
the last degree of refineraent, by proving experimentally 
that a plane- polarised beam of dark heat, filtered of all 
visible rays by a solution of iodine in bisulphide of carbon, 
is rotated, like the luminous rays (§ 150), by a powerful 
electric current, or when the glass or other diathermous 
material is placed in a magnetic field. 
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CONCLUSION. 



Through all the experiments now described, we have 
discovered that the phenomena and sensations we know as 
Light and Colour, when traced back and examined, found 
their ultimate explanation in forms of Motion. We were 
shut up very early to that conclusion : we were absolutely 
compelled to travel in our thoughts from what we " saw " to 
something we could not see at all, and to form mental images 
of invisible waves, whose undulations were propagated with 
incredible swiftness all around us. Later on we found phe- 
nomena which appeared to reveal to us the actual and 
precise directions^ or orbits, of the vibrations in those waves ; 
and applying to that hypothesis delicate and beautiful ex- 
perimental tests, such as can be readily understood by any 
educated mechanic or other intelligent reader, we found our 
supposed orbits respond to those tests in every particular. 
The motions were, so far as we could judge from any possible 
mode of examination, modified, varied, resolved, or com- 
pounded, in all respects as our hypothesis led us to expect. 
This is the nature of the evidence, and we have thus reviewed 
in actual experiment the principal facts, on which is built up 
the Undulatory or Wave Theory of Light. The profound- 
est mathematical researches, applied to the most refined 
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experiments varied in every possible way, have so far only 
confirmed that theory in every particular. 

Let us fully grasp the grand conception ; for there is no 
grander throughout the entire material Universe ! All around 
MS- — everywhere — space is traversed in all directions by 
myriads of waves. Not more surely does a nail take up 
from a hammer the force of a blow, than does each parricle 
of Something take up and pass on the morion of the prece- 
dmg particle. Heat, Light, Colour, Electricity — all alike are 
simply propagations of disturbance through that Something 
which we call Ether. Invisible themseh-es, these wonderful 
motions make all Things visible to us, and reveal to us such 
things as are. Take away from the diapason of these invisible 
waves those of any given period, and if we lose the dazeling 
whiteness which results from them alt in due proportion, we 
but increase the soft splendour of the [jhenomena, as the 
hues of the rainbow appear before our eyes. Let them clash 
against, oppose, and so destroy one another; and even their 
very interferences, though dark shadows may cross our vision, 
produce amidst these forms and colours of almost unearthly 
beauty. Motion in the Ether accounts for all. 

But we have taken another step from the seen to the 
unseen ; for we have conceived and named this Ether. The 
name is of course nothing ; but we cannot do without the 
thing itself — we must conceive it No eye has seen it ; no 
instruments can weigh it; no vessel can contain it; nothing 
can measure it ; yet it must be there. " There ? " — yea, here 
also, and everywhere. Absolutely invisible, it yet is the sole 
key to all physical phenomena; and the most recent, most 
widely received, and altogether most probable theory about 
Matter itself, is that its atoms are but Vortices in its infinite 
bosom. Ask for "absolute proof" of its verity, and there 
is absolutely none ; and there are even about the conception 
itself some stupendous difliciihies. The physicist has to 
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endow his Ether with the most contradictory properties : he 
conceives it as rarer and more subtle than the most exhausted 
atmosphere, with the principal properties of a perfectly 
elastic fluid, and yet, withal, the chief distinguishing property 
(rf a solid ! All these things do not deter him ; and he 
believes implicitly in this Ether he has never seen and never 
will see, simply because without it he can explain no solitary 

.phenomenon around him, while with it and its motions he 
can explain everything. Light is thus to him a Revealer of 
all Nature, both visible and invisible. 

Another step further yet. The inquiry is irresistibly 
suggested, whether the comparison and the analog)' may not 
go further, and afford us some revelation deeper still. That 
inquiry is strictly legitimate. If our universe be in truth an 
objective and conditioned manifestation of any absolute 
Source of all being, it should be thus ; the Actual ought, in 
its limited measure, to reveal to us truly the Essential and 
Eternal. The student of nature, at all events, does hold 
expressly that if Nature has any Author, she must speak 
aright of Him if she speak at all ; and as for the so-called 
religious man, while any book can only take a secondary 
place in such an inquiry as this, he also believes that it 
ought to be thus, since his book actually says so. The 
point of surpassing interest therefore is, whether as regards 
this question there is any definite agreement between these 
two, as to which Science can have anything to say, or 
possesses any means of judging. 

What then do we find ? We are bound here at least to 
ask the expounders of physical science first, for every reason. 
We inquire, therefore, what purely physical science, and 
experiment, and speculation — what they at present appear 
to teach us? 

I. They tell us of an intangible, invisible Ether, which 

• cannot be touched, or tasted, or contained, or measured, or 



IT.] 



THE PHYSICAL TRINITY. 



weighed, but jet is everywhere ; which contains within itself 
the' most essential properties of Matter, fluid and solid ; and 
yet which is not matter, t,hough it can communicate its own 
motions to matter, and receive motions from it. 

2, They speak to us nest, according to the latest 
and most widely received Vortex Theory of Sir William 
Thomson,' something vaguely about this Ether taking Form. 
They suggest to us how Vortices in it may appear to us a: 
the atoms of Matter, which we do see, and feel, and handle ; 
and which in this Form ian be limited, and contained, 
and measured, and weighed; and in which the Ether 
may become, as it were, incarnate and embodied. 

3. They tell us in the third place, of a mysterious Eneigy, j 
which also takes protean forms, but which in one form o 
other is doing all the physical work of the Kosmos, J 
Through it Ether acts upon Matter; and Matter re-acts I 
upon Ether or upon other Matter. 

And this is All; and our Light embodies them all and 1 
reveals them all. It is Motion, a form of Energy; it is [ 
Motion in the Ether; and it is invisible, inconceivable, | 
unknown to us, unless Matter, to make it visible, be in Its 
path. There are these Three and these only ; each dis- 
tinct and separate; and yet the three making up One, a. J 
mysterious unity which cannot be dissolved. ' 

So far the purely physical philosopher. Pondering atten 
lively this wonderful triune splendour which he has put 1 
before us, it may seem strange that he at least should sneer ( 
at any other Trinity in Unity, seeing the kindred mystery 
in which he himself acknowledges that he dwells. Ether: 
Matter: Energy: no one of these can be conceived of, 
hardly, apart from the others ; yet each is separate and | 
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distinct. Take away either, and what becomes of the 
Universe, as we know it or can conceive it ? And yet this 
Universe at least is monistic — is one harmonious whole. 
The mystery of Nature is not only as great, but actually 
appears already to be of the very same kind, as that which 
theologians have taught us concerning the mystery of its 
Author. 

For now we are at liberty to turn to the other, and ask 
him. He has known nothing of all this ; never even 
dreamt of it, since it is the last growth of the nineteenth 
century. But, purely from an old Book he possesses, he too 
has, somehow or other, and long before the other, also 
gathered a conception, and even framed it into a set theo- 
logical formula. It will be interesting at least to see what 
his conception is. 

1. He tells us first, tliat he believes in an eternal, im- 
mortal, invisible, inconceivable, infinite Essence, the one 
Source and Father of all. 

2. He beheves that this first essential Being has in a 
mysterious way become embodied in a Second, in some 
inconceivable manner co-existent with and yet derived from 
Him ; who is the brightness of His glory and the visible 
Image of His person,^ and in whom and by whom all 

'Things were made. 

3. He affirms that these two work or act by and through 
a third, an equally mysterious Energy ; whose operations 
assume many forms ; who does all things, alike in matter 
and in spirit ; who is as the wind, blowing where it listeth ; 
and who finally brings all conscious agencies that yield to 
Him, into harmonious relation and • equilibrium with all 
that surrounds them. 

That is the creed of the Christian, However he came by 
it : more particularly indeed, it is the special creed of the 

^ ** The very Image \pr impress] of His substance." — Revised Version, 
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Trinitarian Christian, so much derided during the last 
twenty years. He also says and believes, like the other, 
that, although he cannot explain it, any more than the physical 
philosopher, these three are One. And strange to say, he 
too goes so far as to affirm that the Motions of the third 
originally produced that Light which we have found such ' 
a fascinating study; and that to him, also, that is an express 
symbol and revelation of the Thre 

This is but a suggestion and inquiry, and dogmatism is 
not pretended from either side. But if there should be 
reality and fact behind (he belief of both parties as we I 
have listened to them, is there not indeed here an obvious, ' 
deep, fundamental, marvellous agreement? More than 
this ; if there should be trua wisdom in what has been 
taught us by one of the most popular teachers of modern ] 
philosophy ; ' if it is true that " Religion and Science i 
therefore necessary correlatives ; " if it is true that " Force, 
as we know it, can be regarded only as a certain conditioned J 
effect of the Unconditioned Cause— as the relative reality 
indicating to us an Absolute Reality by which it is 
mediately produced ; " if it is further truo that " obje< 
Science can give no account of the world which we know ] 
as external, without regarding its changes of form as i 
festations of something that continues constant undt 
forms ; " and if it is finally true as regards Spirit and I 
Matter, that "the one is, no less than the other, to be re- I 
garded as but a sign of the Unknown Reality which under* j 
lies both ; " — if these conceptions of one whom all regard a 
at least a great thinker, embody anything more than a vague I 
dream, is not this correspondence we have found, precisely 1 
of the sort we ought to have expected to find ? 

' Mr. Herbert Spencer. All llie 5 
PrinHjJa^ 3rd edition ; and the last 
all in tlutt remarkable volume. 



358 LIGHT. [CH. xviii. 

The comparison and the inquiry appear in any case to 
be singularly interesting. The student of Nature, at least, 
will not object to it ; nor should he turn away repelled from 
the suggestion that Light may be to him a Revealer such as 
he has longed for, leading him into sight of, though not 
within, the inmost Secret of alL And as for the other, he 
too may perhaps learn to hear of Matter possessing " the 
promise and potency of every form of life *' without re- 
sentment, and to attach to the phrase a new meaning, which 
may perchance be the basis of a great reconciliation that 
has been long and sorely needed. If what he believes be 
true, he will at least have learnt in another way that " the 
invisible things of Him since the creation of the world are 
clearly seen, even His eternal power and Godhead being 
understood by the things which are made'' 
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Clock, polar, 344 

Collimator, use of, 84 

Colour, III; caused by suppression, 
72, 112, 159 ; absorbed, reflected, 
and transmitted, 114; only a 
sensation, 118, 124 

Colour-blindness, 127 

Colours, not primary, 123 ; com- 
plementary, 116 ; of thin Alms, 
158; of thick plates,207; o^ polar- 
ised light, 260, 286 

Combinations of mica and selenite, 
328 

Common light, theories of, 234 

Complementary bands in spectrum 
of polarised light, 268, 286 

Complementary colours, 116, 260, 
286 

Composite crystals, 326 

Composition, of colours, 71 ; of 
vibrations, 295 

Conical refraction, 324 

Conservation of energy, 153 

Continuous spectra, 131 

Convergent rays in crystals, 309 

Cord, displacement of, analogous to 
light, 239 

Cornu's saccharometer, 289 

Crossed crystals, 328 ; mica films, 

329 
Crossing films, effects of, 266 

Crova's disc, 96 

Crystallisations, 269 ; on the screen, 

273 

Crystals, uni-axial, 226, 230 ; bi- 
axial, 231, 315 ; rotatory, 290 ; 
composite, 326 ; irregular, 327 ; 
crossed, 328 ; rings and brushes 
in, 308; in circular light, 333; 
spirals in, 337 

Crystal stage, 311 

Cylindrical lens, 72 
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De Dominis, experiment on the 
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Deflection of rays, 57 
Delezenne's analyser, 207 



Descartes on the rainbow, 80 

Designs for polarised light, 263 

Deviation, minimum, in prism, 59 

Diagrams for lantern, 18 

Diffraction, 182 ; spectra, 191 ; in 
the microscope, 200 

Direct vision prisms, 83 

Direction of vibrations in polarisa- 
tion, 224 ; in common light, 234 

Disc, Crova's, 96 ; Newton's, 73 

Dispersion, 66, 107 

Dispersion, anomalous, 81, 85 ; in 
crystals, 314, 320 

Dolbear's opheidosc">pe, 39 

Doubled angle of reflection, 31 

Double-image prisms, 209 

Double refraction, 208 ; analysed, 
227 

Doubler, Norremberg*s, 255 ; use in 
measuring films, 265, 298 

Dove on common light, 237 ; on 
fluids, 292 
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crystals, 225, 321 
Electro-magnetic rotation, 290 
Elliptical pol irisati ■>n, 236,262,297 
Emission theory, 46, 91 ; test of, 169 
Energy, conservation of, 153 
Ether, the, 103, 353 
Eye, easily deceived, 118 ; supposed 

mechanism of, 100 
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Films, colours of thin, 158 ; of 
mica, 264, 303, 329 

Fizeau's experiment on velocity of 
ligbt, 89 

Fluids, rotation in, 287 ; producing 
spiral figures, 342 ; waves in, 155 

Fluorescence, 145 ; and phosphor- 
escence, 151 

Forbes, Professor, on velocity of 
light, 90 

Forces, result of t\\ o, 154 
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light, go ; his prism, 251 

Foi,_ on diffraction paltemSjlSS; on 
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polarisation in fluidi, 292 
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Geological seel ions polarised, 273 

Glass in sonorous vibration, 27S 

Glass piles, 215, 252 

Goldlcaf, colours of, 115 
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Grey, nature of, 75 

Gypsum, effects of heating, 321 
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142. 35° 
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Indices of refraction, 52, 230 
Intensity, la.w of, 27 
Interference, 154 ; uonditions of, 158 
Interferenceband.^ in spectrum, 172, 

26S, 2S6 ; in analysis, 282 
Inverse squares, law ol^ 27 
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Invisibility, of polished surfaces, 45 ; 

of light, 46 
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Iodide prism, 83 
Irte^lar crystals, 327 
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Isolating phenomena, need for, 74, 

78. "73 
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Hamilton on conical refraction, 
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Heat, efTecls of, 2;6, 322 ; identical 
Kith li^ht, 142, 3J0 ; its vibrations 
visible, 33 

Heraitrope crystals, 327 

Herschel.on potari^iation of the sky, 
34S ; on reversal of phase in re- 
Hected light, 195 ; right and left 
handed crystals, 284 ; on a 
stretched cord, 241 ; on waler- 
colour painting, 121 

Hoflinan'a arrangement for bi-axials. 
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Lantern, i ; vertical atlachmen', 
19 ; mounlinf^, 12 ; diagrams, iS 

Lantern polariscope, 4, 253 

J.ensea, 60) achromatic, 83 ; mount 
ing. 14 

Light, for optical Biperimenls, 4 
centering, II ; invisible, 46 ; c 
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Line spectra of gases, 133 
Lines, Fraunhofer, 132, 136 
Lines, thickened, 137 
I-rippich on common ligbt, 238 
Liquid waves, 155 
Lissajous' experiment, 34 
Lloyd on conical refraction, 324 
Lockyer, on transmission of states, 

93 
Lommel on fluorescence, 148 

L^copodium, diffraction by, 186 
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Mach, on sonorous vibrations, 281 
Magnesium light for fluorescence, 

147 
Magnetic rotation, 290 

Matter, possibly vortices in the 

ether, 355 
Measurement, of wave-lengths, 192 ; 

of molecules, 196 
Mechanical illustrations, of undulat- 

ory theory, 108 ; of polarisation, 

219 
Metals, reflection from, 299 
Mica, bands in spectrum of, 173, 

268 ; designs in, 263 ; artificial 

uni -axial crystals of, 303, 329 ; 

work with films, 305 ; quarter- 
wave plates, 297 ; combinations 

with selenite, 328 
Microscope, bi-axials in the, 318 ; 

diffraction in the, 200 
Micro-slides, 250, 272 
Mirrors, concave, 40 ; convex, 43 ; 

reflecting, 37 ; Fresnel's, 178 
Mistakes of artists, 75, 121 ; of the 

eye, 118, 125 
Mitscherlich's experiment, 226,322 ; 

his saccharometer, 289 
Mixed plates, 181 

Mixtures of light and pigments, 118 
Molecular constitution, 197, 291 
Molecules, size of, 196 
Mother-of-pearl, i88 
Motion, light must be, 91 ; a form 

of> 352 ; a revealer of, 152 
Mounts for lenses, &c., 13 
Multiple images, 29, 59 
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Narrow slit, need of, 77 
Natural colours residual, 115 
Nature and her Author, 354 
Newton's experiment on the spec- 
trum, 65 ; in total reflection, 67 ; 
colour-disc, 74; rings 166; analysis 
of, 170 
Nicol prisms, 243 ; care of, 252 ; 

artificial, 257 
Nobert's gratings, 184, 197 
Normal, the, in optics, 28 
Norremberg's artificial mica-film 
uni-axial crystals, 329 ; doubler, 
255; lenses for bi-axials, 317; 
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Objective for optical lantern, 2 

Oil-lamps, for lantern, 6 

Opheidoscope, 39 

Opposite rotations, 284 

Optic axes, 226, 231, 325; relation 

of, 326, 338 
Organic substances, 273 
Oxide, colours in film of, 160 
Oxygen, for lime-light, 7 



P. ANGULATUM, effects of, 204 
Particles, small, as polar isers, 345 
Pendulum, experiments with, 295 
Perforated cards, experiments with, 

186 
Persistence of vision, 73 
Phase, reversal of, 195, 262 
Phoneidoscope, 174 
Phosphorescence, 144 
Pillar-stands for apparatus, 13 
Pigments, mixtures of, 118 
Pincette, tourmaline, 311 
Plane of polarisation, direction of 

vibrations in, 224 
Plateau's soap solution, 162 
Polar clock, 344 
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Polished surfaces invisible, 45 
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Rhomb, Fresnel'B, 295 
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Rings, Newton's, 166, 263; in 


■6 ; water, 59 ; effects of position 


cry,.tals, 308 


of. 59. 70; direct vision, 83; 
double-image, 20g ; Foucault'f, 


Ripples shown on screen, 38, 156 
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Nicol's, 242, 25a ; Prainiowski's, 


fluids, 287 ; electro- magnetic, 290; 
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ficial, 303 ; in circularly- polarised 
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light, 306 
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Rainbow, 78 


Section!, of minerals, 273 
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Rays of light, 2I ; compared with 
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beams and pencils, 26 
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Red ink, experiments with, 115,149 
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Sensation of colour, 124 

ShadowF, 26 

Shells of waves in crystals, 230, 

324 
. Sines, law of, 51 

Single interferences not traceable, 
156 

Size of molecules, 196 

Sky, polarisation of, 344 

Slides for rolling balls, 95 ; for ex- 
hibiting wave-motion, 98 

Slits, experiments with two, 183 

Slits for spectrum, effect of width, 

77 
Small particles as polarisers, 345 

Smol<e in ajar, 47 

Snell's law of sines, 79 

Soap films, 161, 19S; and sound 
vibrations, 174 

Sodium lines, 133, 135 

Solar spectrum, 131, 136 

Soleil's saccharometer, 289 

Solutions of soap, 162 

Sonorous vibrations, 35, 174; in 
polarised light, 278 

Sound vibrations in soap films, 174 

Spectra, absorption, 129; continuous, 
131 ; solar, 131 ; line, 133 ; re- 
versed, 134; diffracted and 
prismatic, 191 

Spectrum, the, 65 ; a pure, 77 ; the 
invisible, 141 

Spectrum analysis, 129 ; of Newton's 
rings, 1 70; of soap film, 172; 
of mica film, 173 ; of selenite in 
polarised light, 268, of quartz, 
286 

Sphinx, illusion ot the, 45 

Spirals, Airy's, 331 ; in a single 
quartz, 341 ; in crystals generally, 

337 

State of things, capable of trans- 
mission, 93 

Stellar chemistry, 138 

Stokes, on fluorescence, 145, 150 ; 
on longitudinal vibrations, 240 

Strain, effects of, 274 

Striated surfaces, 188 

Subjective colours, 126 

Sulphides, phosphorescence of, 144 



Superpo.niion films, 269, 303 
Suppression the chief cause of 
colour, 72, 112, 159 



Table-stands, 16 

Tank for refraction, 49 

Taylor, Mr. Sedley, on sound vibra- 
tions in films, 174 

Telescopes, reflecting, 43; refract- 
ing, 64 

Ten -ion, effects of, 274 

Thickened lines, 137 

Thickness, of thin films, 166, 194; 
of mica-films, 265, 298 

Thick plates, colours of, 207 

Thin films, 158 ; thickness of, 166 

Thomson's experiment with small 
particles, 348 

Three spectra non-existent, 142 

Tidal waves, 156 

Tisley's phoneido^cope, 174 

Tonophant, 37 

Total reflection, 53 ; Newton'.s ex- 
periment in, 67 

Tourmalines, 213, 231 

Tourmaline pincette, 31 1 

Transmission of states, 93; of wave:, 

94 
Transverse vibrations, 217 

Trevelyan rocker, ;^2 

Trinity, of nature, 354 ; of theology, 

,356 
Tripod -stand for lantern, 12 
Tuning-forks, experiments with, 34, 

113 
Turpentine, experiments with, i6c, 

181, 288, 343 

Tylor, on mechanical models of un- 
dulatory theory, ic8 

Tyndall, on calorescence, 150 ; re- 
fraction-tank, 49 ; subjective spec- 
trum, 126 ; fluorescence and 
phosphorescence, 151 ; analy.iN 
of Newton's rings, 1 72 ; polarisa- 
tion by small particles, 345 ; 
rotation of polarised dark hear- 
^^y^t 351 ; sonorous vibrations, 
278 
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Unanneai.ed glass, 278 
Undulatory theory, 94 ; see IVave 
Uni-axial crystals, 226, 230 
Unseen, necessity of conceiving the, 

353 



Velocity of light, 88, 90 
Vertical attachment to lantern, 19 
Vibrationp,abs.>rbe(l, 140 ; direction 
of, in polarisation, 224 ; com- 
position of, 295, 299 ; resolution 
of, 258 
Virtual images, 28, 43, 62 
Vision, supposed mechanism of, 100 



Water-colours, effect of, I2I 
Water, C'lours in a film of, 165 
Water prisms, 59 ; compound, 8 1 
W^ave -length, change in, 141 
Wave-lengths, measuring, 192 
Wave-motion, 94 ; slide for show- 
ing, 98 ; not in radial lines, loi 
Wave-shells in crystals, 230, 324 
Wedges, of seleniie, 263 ; of quartz, 

288 
Wheatstone's Icaleidophone, 37 ; 

polar clock, 344 
White light compound, 71, 1 16 
Wild's sac barometer, 289 



W 



Watch-glasses 
rors, 43 



as oncave m>r- 



VoUNG, on mixed plates, 181 ; on 
diffraction, 182 ; on transverse 
vibrations, 217 



THE END. 
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M.A., Fellow of Hertford College, Oxford, and Assistant- 
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EURIPIDBS. HECUBA. Edited by Rev. JOHN BoND, M.A., 
and A. S. Walpole, M. A. [/« the press, 

GREEK TESTAMENT. Selections. Edited by Rev. G. F. 
Maclkar, M.A., D.D., Warden of St. Augustine's College, 
Canterbury. [In preparatiotu 

HEBODOTUS. Selectioiui from Books VII. and VIII. 

THE EXPEDITION OF XERXES. Edited by A. R 
Cooke, B.A., Fellow of King's College, Cambridge. 

{Ready, 

HOBKEB'S II.IAD. Book XVIII. THE ARMS OF ACHIL- 
LES, Edited by S. R. James, M.A., Scholar of Trinity Col- 
lege, Cambridge, and Assistant-Master at Eton. [In the press, 

HOBAOE. THE FIRST BOOK OF THE ODES, Edited 
by T. E. Page, M.A., late Fellow of St. John's College, Cam- 
bridge, and Assistant-Master at the Charterhouse. \Ready, 

THE SECOND BOOR OF THE ODES. By the same 
Editor. [Ready. 

THE THIRD BOOK OF THE ODES, By the same 
Editor. [Ready, 

THE FOURTH BOOK OF THE ODES. By the same 
Editor. [In preparation. 

SELECT EPODES AND ARS POETICA. Edited 
by Rev. H. A. Dalton, M.A., late Student of Christ 
Church, Oxford. [In preparation. 

SELECTIONS FROM THE EPISTLES AND 
SATIRES, Edited by Rev. W. J. F. V. Baker, B.A., 
Fellow of St. John's College, Cambridge, and Assistant- 
Master at Marlborough. [Ready. 

LiIVY. THE IIANNIBALIAN WAR, Being part of the 2ist 
and 22nd books of Livy, adapted for tlie use of beginners. 
By G. C. Macaulay, M.A., Assistant - Master at Rugby, 
formerly Fellow of Trinity College, Cambridge. [Ready- 

THE LAST TWO KINGS OF MAC EDO N, SCENES 
FROM THE LAST DECADE OF LIVY. Selected and 
Edited by F. H. Rawlins, M.A., Fellow of King's College, 
Cambridge, and Assistant -Master at Eton. [In preparation. 
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OVID. SELECTIONS. Edilcdby E. S. Shuckburgh, M.A., 
late Fdlow of Emmannel College, Camliridge, and Assislanl- 
Master at Eton. \R41ui3,. 

Pl^TO. EUTHYFHRO AND MENEXENUS. Edited by 
C. R. Graves, M.A. \Keady. 

THB GBSrK BIiBGIAC POUTS. Selected and Edited Ijy Rev. 
Herbert K-vkaston, M.A., Priticipal of Chellenliain Col- 
lege, and formerly Fellow of St. John's College, Camliridje. 
\Rtady. 

THUCYDIDES. Book tV, Ch. 1-41. THE CAPTURE OF 

SPHACTERIA. Edited by C. E. CRuveS, M.A., Classical 

Pi.ectnrer and late Fellow of St. John's CDUege, Cambridge. 

^ffE RISE OF THE ATHEmAM EMPIRE. Book I,, 

I. 89-iiB and 128-138. Edited b/ F. H. Colson, B.A., 

Ipcllow of .St. John's College, Cambridge, and Asalstanr- 

it Cliftun C illi-se [/« firtfaiaiim. 

bll,. THE SECOND CEORGIC. Edited hy Kev. J. II. 

B&tWNE, M.A., late Fellow of Mertou College, Oxford, and 

I AtEislant-Ma^^terat U|n"n-hain, [Ria.!i: 

rail/H XVBTO. I. With Nules and Vocabulary, Hy 

'" A. S. Walpole, M.A. ilnlktpresi, 

VIBSIL. THE FIPTH .flENBIB, THE FUNERAL GAMES. 

Edited by Rev. A. Calvekt, M.A„ late Fellow ot St. John's 

College, CaniUidge, With Vocalnilary. \Riady. 

XBNOPBON. ANABASIS. Book I. With Notes and 

Vocabnlaiy. By A. S. Walpole, M.A. [In thiprfss. 
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also the needs of Candidates for public examinations at the 
Universities and dsewhere. 

The following volumes are ready : — 

JBSGHYitUB—PERSJi. Edited by A. O. Prickard, M.A., 
Fellow and Tutor of New College, Oxford. With Map. 3^. 6d, 

OATUIalaUS— SBIiBaT POBMB. Edited by F. P. SiMFSON, 
B.A., late Scholar oi Balliol CoUqse, Oxford. New and 
revised Edition. $s. 

OIGBRO— THE SBOOND PHIIiIPPIG ORATION. From 
the German of Karl Halm. Edited, with Corrections and 
Additions, by John E. B. IvIayor, Professor of Latin in the 
University of Cambridge, and FeUow of St John's College. 
New edition, revised. 5j. 

THE CATIIiINB OBATIOMB. From the German of Karl 
Halm. Edited, with Additions, by A. S. Wilkins, M.A., 
Professor of Latin at the Owens College, Manchestof. New 
edition. 31. 6d, 

THB AGADEMIOA. Edited by jAMBS RbID. M.A. 
Fellow of Cains College, Cambridge. 4;. 6^ 

PRO IiEGB MANILIA. Edited after Halm by Prof. 
A. S Wilkins. M.A. 3J. M, 

PRO R080I0 AMERINO. Edited after Halm. By E. 
H. DoNKiN, M.A., late Scholar of Lincoln CoUege, Oxford. 
Assistant-Master at Uppingham. 41. 6d, 

DF.MOSTHENE8 — THE ORATION ON THB GROWN. 

Edited by B. Drake, M.A., late Fellow of King's College, 
Cambridge. Sixth and revised edition. 4f. 6d, 

ADVERSU8 I.EPTINEM. Edited by Rev. J. R. KiNG, 
M. A., Fellow and Tutor of Oriel College, Oxford. 4f. 6d, 

EURIPIDES— HIPPOItYTUS. Edited by J. P. Mahaffy, M. A., 
Fellow and Professor of Ancient History in Trinity College, 
Dublin, and J. B. Bury, Scholar of Trinity College, Dublin. 

aOMER'S lUAD— THE STORT OP AGHIIiIAa. Edited 

by the late J. H. Pratt, M.A., and Walter Lbaf, BCA., 
Fellows of Trinity College, Cambridge, di. 



HOMER'S ODYSSEY— THB NAHRATIVB OF ODTS- 

SEC8, Book! IX.— XII. Edited by JOHN E. K Mavor, 

M.A, Part I. Ji. 
ItTVENAI.— 8BI.EOT SATIKES. FAifei by JOKN E. B. 

Mavqk, Fellow of St. John's College, Cambridge, and 

Professor of Latin. Satires X. and XI. 31,6/. Sutirea XII.— 

XVI. 4J. 6d. 
MVY— BAMNIBAL'B FIS8T OAMPAIOH IM ITAZ.Y, 

Books XXI. and XXII. Edited by the Kev, W. W. 

Capks, Reader in Ancient History at Orfbrd. With 3 

Books II. and III. Edited by Rev. 11. M. SteFHenson, 
M.A.. llead-Maslcrof St. Peter's Scliool, York. 5/. 

UARTIAIr-BELBCT HBISRAMS. Edited by Rev. H. M. 

Stiphenson, M.A., Head-Master of St. Peter's School, 

Vwk. 6s. 
OVID— FASTI. Edited by G. H. Hallam, M.A., Fellow of 

St John's College. Cambridge, and Assistant-Maater at 

Harrow. With Maps SJ. 

HEROIDUM EPISTOIJE XIII. Edited by E. S. 

Shuckbukgh, M.A. 4J, 6J. 
PI.AUTU3— MILES ai^RIOSUS. Edited by R. Y . Tyrrbil, 

M. A., Fellow and Professor of Greek in Trinity College, Dublin. 

51. 
PLINY'S LBTTERS-Book III. Erliicd liy Profe.5?or JOKN F. 

B. MavOH. With Life of Pliny, by G. H. RSNDALL, M.A. 

Fcap, 8vo. 51. 
PLUTARCH — IiirE OF THBHISTOKLBB. Edited 

by Rev. H. A. HOLDEN. M.A., LL.D., Head Master ot 

Ipswich School ; some lime FeUow of Trinity C^Utge. Caai- 

bridgc; Kdilor of " Arislophaiies" &c. Jj. 
PROfBRTlOS— SBLEOT POBMS. Edited bjr J. P. FoST- 

GATt, M.A., Fellow of Trinity CoUegc, Cambridge. 61, 
BALIiOST— CATILINE and JOa'OSTHA. Edited b; C 

MtdlvALi, B.D. New edition, carefully reused and eo 

Urged. 4J. ^. Or iCFaialelv u. 6J. each. 
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TAOITUS— AOaiCOItA and aSRMANIA. Edited bj A. J. 
Church, M.A., and W. J. Brodribb, M.A. Translatoxs of 
Tacitus. New edition, y. 6d, Or separately zs, each. 
THE ANNAIaS, Book VI. By the same Editors. 2f. 6d, 

TBRBNCK— HAUTON TIM0RUMBN08. Edited by £. S. 
Shuckburgh, M.A., Assistant-Master at Eton CoU^ei y. 
With Translation, 4f. 6d, 

PHORMIO. Edited by Rev. JOHN BOND, M.A., and 
A. S. Walpolb, B.A. 4s, 6d. 

THUOYDIDBS — THB SICIUAN BXPEDITION, Books 
VI. and VII. Edited by the Rev. Pbrcival Frost, M. A., 
Late Fellow of St John's College, Cambridge. New edition, 
revised and enlarged, with Map. 5j. 

VIROIIf— JENBID, II. and III. The Narrative of Mocas. 
Edited by E. W. HowsoN, M.A., Fellow of King's 
College, Cambridge, and Assistant-Master at Harrow, y, 

ZBNOPHON— HBIiIiBNICA, Books I. and II. Edited hf 
H. Hailstone, B.A., late Scholar of Peterhonse, Cambridge. 
With Map. 4s. 6d. 

OYROPJEDIA, Books VII. and VIII. Edited by ALFRED 
Goodwin, M.A., Professor of Greek in University College, 
London. 5^. 

MEMORABII.IA SOORATIS. Edited by A. R. Cluer, 
B.A. Balliol College, Oxford. 6s. 

THE ANABASIS-Books I. to IV. Edited ^ith Notes by 
Professors W. W. Goodwin and J. W. White. Adapted to 
Goodwin's Greek Grammar. With a Map. Fcap. 8vo. y. 

The follffuiftf' are in preparation : — 
JE8CHINBS-IN CTESIPHONTEM. Edited by Rev. T. 
GWATKIN, M. A., late Fellow of St. John's College, Cambridge. 

[In the press, 

CICBRO-PRO P. SESTIO. Edited by Rev. H. A. Holden, 

M.A., LL.D., Head-Master of Ipswich School, late Fellow 

and Assistant Tutor of Trinity College, Cambridge, Editor 

of Aristophanes, &c. 

DBM08THBNB8— FIRST PHIIiIPPIO. Edited by Rev. 
T. GwATKiN, M.A., late Fellow of St. John's College, 
Cambridge. 



» 



BDRIPIDBS—BEI^OT PUITS, b; various Editon. 

AI.CGBTIB. Edited by J. E. C, Welldon, B.A., Fellow 

and Lectuier of Kiog'a College, CBmbridge. 

BAOCRA&. EditedbyE.S. Shuckbubsh, M.A., Assistuit- 

Master at Eton College. 

MBDEA. Edited by A. W. Vskball, M.A., Feilaw and 

Leclurer of Trinity College, Cambridge. 

IFHIGENCIA IN TATJRIS. Edited by E. B. ENGLAND, 

M, A., Lecturer at tlie Owen's College, Manchester. 
HBRODOTUS— THBinVASIOHOraRBBCBBYXBItXIlS. 

Books Vir. and VIII. Edited by Thomas Case, M.A., 

fonaerly Feilow of Brasenose College, Oidbtd. 
HOHBS'S ODYSSEY— Bsoka XXI.— XXrV. Edited by S. G, 

Hamilton, B.A., Fellow of Hertford College, Oxford. 

HORACE— THE O DBS. EdltedbyT.E. PAGE, M.A., Maslcrat 

Charterhouse and late Feilow of St, John's College, Cambridge. 

THB 8ATIBBB. Edited by Akthur Palmer, M.A., 

Fellow and Professor of Latin in Trinity College, Dublin. 

[/« Iheprus. 

THE EPISTI.es AND ARB FOETICA. Edited by Pro- 

fc^or A. S. WrLKiNS, M..\. 
LIVY— Books XXIII. "It XXIV, Edited by Rev. W. W. 

Capes, M.A. 

THE SAtaNITB WARS as uarrated in the First Decade of 

Lity, Edited by Kev. T. H, Stokoe, D.D„ Lincoln College, 

Oxford, Head-Maater of Kii^s Coll^-e School, London. 
IiUaRETIUB-BookB I. to III, Edited by J. H. Warburton 

Lee, B.A., lale Scholar of Corpus Chri^tl College, Oxford, 

and Assistant -Muster at Kossill. 
liVSIAB— BBLBCT OBATIONB. Edited by E. S. Rhuck- 

BUEGH, M.A., Assi^tuit -Muter at Eton Galley [/» tkeprus. 
PLATO- MENO. Edited by E, S. Thompson, M.A., Fellow 

of Chri.>,t's Ct/llege, Canibridge. 

APOI-OaY AND ORITO. Edited by F. J. H. JeskinsoN, 

M.A.. Fellow of Trinity College, Cambridge. 

TBE KEFUHIiIC. Booka I.— V. Edited by T. H, 

Warren, M.A., Fellow of Magdalen College, Oiford. 
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SOPHOCUS8— ANTIGONE. Edited by Rev. John Bond, 
M.A., and A. S. Walpole, M.A. 

TACITUS— THE HISTORY. Books I. and II, Edited by C. 
E. Graves, M.A. 

THUCTDIDES— Books I. sad II. Edited by H. Broadbint, 
M.A., Fellow of Exeter College, Oxford, and Assistant- 
Master at Eton College. 

Books III. IV. sad V. Edited by C. E. Gravis^ M.A., 
Classical l^ecturer, and late Fellow of St. John's College^ 
Cambridge. (To be published separately.) 

Other volumes will follow. 

CLASSICAU 

JBSOHTIiVS— r/TiT BUMENIDSS. 1^ Greek Test, with 
Introduction, EngHsh Notes, and Verse Translation. By 
Bernard Drake, M.A., late Fellow of King's College, • 
Cambridge. 8vo. 5j. 

THE ORESTEIAN TRILOGY, Edited, with Introduction 
and Notes, by A. O. Prickard, M.A., Fellow and Tutor of 
New College, Oxford. 8vo. \In preparation, 

ANTONINUS, MARCUS AJTBl-EJAM^—BOOK IV, OF THE 
MEDITA TIONS, The Text Revised with Translation and 
Notes. By Hastings Crossley, M.A., Professor of Greek 
in Queen*s College, Belfast. 8vo. 6x. \In the press, 

AlBLATVS—TI/E SKIES AND WEATHER-FORECASTS 
OF ARATUS. Translated with Notes by E. PosTE, M.A., 
Oriel College, Oxford. Crown 8vo. 3^. 6d, 

ARISTOTI.E— .<4Ar INTRODUCTION TO ARISTOTLES 

RHETORIC. With Analysis, Notes, and Appendices. By 
£. M. Cops, Fellow and Tutor of Trinity College^ Cambridge, 
8vo. 14J. 

ARISTOTLE ON FALLACIES; OR. THE SOPHISTIC I 
ELENCHL With Thmslation and Notes by £. Posn^ M. A. 
Fellow of Oriel CoUege^ Oxford. 8vo. 81. 6d. 

THE METAPHYSICS. BOOK L Translated by a Cam- 
bridge Graduate. 8vo. 5x. \Book II. in priparotim. 



A8IS T0T1.E Cnnlinual— 

^BE POLITICS. Edited, after StrsEMIHL. by R. D. Hicks, 

■t-A., Fellow of Trinily College, Cambridge. Sv^. 

'' [In Ihepras. 

I TNE POLITICS. Translated by J. E. C. WelLdon, M.A„ 

Fellow of King's College, Cambridge. 3yo. [In frcpitratim. 

ARISTOPHANBB— 7~^£ BJPDS. TransUted into English 
Verse, with Introduction, Notes, and Appendices, b; B. H. 
Kehnedv, D.D., Re^us Froressor of Greek in the University 
of Cambridge. Crown 8vo. 6i. Help-Notes to the same, 
for the use of StudenU. Ii. kl. 

ABNOLD— .4 HANDBOOK OF LATIN EPIGRAPHY— 
By W. T. Arnold, B.A, [In preparation. 

THE ROMAN SYSTEM OP PROVINCIAL AD- 
MINISTRATION TO THE ACCESSION OP CON- 
STANTINE THE GREAT. Crown Svo. 6f. 

BELOHBK— i-^DJfT" EXERCISES IN LATIN PROSE 
COMPOSITION AND EXAMINATION PAPERS IN 
LATIN GRAMMAR, to which is prefixed s Chapter an 
AnolTsii of Sentences. By the Kev. H, Bilckbk, M.A., 
Assistant Master In King's College School, London. New 
Edition. iGmo. u. 6d. 
Key to the above (for Teachers only), 21. 6rf. 
SHORT EXERCISES IN LATIN PROSE COMPOSI- 
TION. PART II., On the Syntax of Sentences, with an 
Appendix icclnding, EXERCISES IN LATIN IDIOMS, 
6v. iSnio. w. 

BLACK IB— CJf£-£.flr AND ENGLISH DIALOGUES FOR 
USE IN SCHOOLS AND COLLEGES. By John 
Stuakt Blackie, Professor of Greek in the University of 
Kdinburgh. New Edition. Fcnp. Svo. ai. 6d. 

CIQ-Bmo—THE ACADEMICA. The Text revised aod explained 
by Jahks Reid, M.A., Fellow of Caiui College, Cambridge. 
New Edition. With Ttjuislation, 8vo. [In tlu pras. 

THE ACADEMICS. Translated by jAMttS S. Keid, M.A. 
SJ. 6,/. 
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CICERO CotU%nuai~-^ 

SELECT LETTERS.'—Ahia the Edition of Albut 
Watson, MA. Txanslated bj G. £. Jeans, M.A.9 Fellow 
of Hertford College, Oxford, and Assistant-Master at Hailej- 
bary. 8va lor. 6d. 

GiakSSXOAli WBXTBRS. Edited bj J. R. Grexn, BIA. 

Fcap. 8vo. is, 6d, each. 

A Series of small volumes upon some of the principal 
classical writers, whose works form subjects of study in our 
Schools. 

EURIPIDES. ByProfessor J. P.Mahaffy. IRttufy, 

LIVY. By Rev. W. W. Capbs, M.A. [Ready, 

SOPHOCLES, By Profc Lewis Campbell. [Ready, 

VERGIL, By Professor H. Nbttlbship. [Ready, 

DEMOSTHENES. By S. H. Butcher, M. A. [Ready, 
TACITUS. By A. J. Church, M.A., & W. J. Brodribb, 

M.A. [Ready, 

CICERO, By Professor A. S. Wilkins. ) j itretaratum. 
HERODOTUS, By James Bryce, M. A. j ^ ^'^""^ 

BJmIAM— PRACTICAL HINTS ON THE QUANTITATIVE 
PRONUNCIATION OF LATIN, for the use of Classical 
Teachers and Linguists. By A. J. Elus, B.A., F.R.S. 
Extra fcap. 8vo. 4/. 6^. 

-BXkG^Z^lSlJi— EXERCISES ON LATIN SYNTAX AND 
IDIOM, ARRANGED WITH REFERENCE TO 
ROBY*S SCHOOL LATIN GRAMMAR, By-E. B. 
England, M.A., Assistant Lecturer at the Owens College, 
Manchester, Cro^Ti 8vo. 2s, 6d. Key, for Teachers only, 
2s. 6d, 

BURIPIDBS—MEDEA. Edited, with Introduction and Notes, by 
A. W. Verrall, M.A., Fellow and Lecturer of Trinity 
College, Cambridge. , 8vo. 7^. 6d. 

aBDDBS— 7»S PROBLEM OF THE HOMERIC POEMS. 
By W. D. Gbddes, Professor of Greek in the University of 
Aberdeen. 8v*^. 14s. 



ai.&I>8TONE— Works by Ihc Rt. Hon, W. E. Gladstons, M.P. 
JUVENTUS MUNDI; or, Gods and Men of the Heroic 
Age. Second Edition. Crown Svo. iQr. id. 
THE TIME AND PLACE OF HOMER. Crown 8»o. 
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SYt^AX OF THE MOODS AND TENSES OF THE 
GREEK VERB. New Edition, letiud. Crown Svo. 

A GREEK GRAMMAR. New Edition, revised. Crown 
Sto. 6j, 

"It ii LhebeilGmk Gmnnurof in «» Id bhE Kn^^HsZi, luj^uiige."^ 

A GREEK GRAMMAR FOR SCHOOLS. Crown 8va 

Zs.f-d. 

aoODWIN-v( TEXT-BOOK OF GREEK PHILOSOPHY, 

based DQ KlTTKK and PbelLer's "Historia Philosophise 
Graecttc et Romanae." By Alfred Goodwin, M.A, Fedaw 
of Balliol College, Oxford, and Profes.-or of Greek in 
University College, London. Svo, [In piifaralioH. 

ansBirwoOD— THE elements of greek GRAM- 
MAR, including Accidence, Irr^^or Verbs, and Principles of 
DerivatioQ and Coropoaition ; adapted lo the System of Crude 
Forms. By J. G. Gkienwood, PrindpaJ of Owens College, 
Manchester. New Edition. Crown Svo. Jj, 6d. 

BERQOOTUS, Sook« I.— III.— 77/£ EMPIRES OF THE 
EAS7. Edited, with Notes and Inttodnclions, by A. H, 
SaVCH, M.A., Fellow and Tutor of Queen's College, Orford, 
uid Deputy 'Pcolesior of Comparative Philology. Svo. 

[/■ prefaralten. 
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JLOTiOmOJX'- MYTHOLOGY FOR LATIN VERSIFICA- 
TION, A brief Sketch of the Fables of the Andenta, 
prepared to be rendered into Latin Verse for Schools. By 
F. Hodgson, B.D., late Provost of Eton. New Edition, 
revised by F. C. Hodgson, M.A. i8mo. y, 

HOnnn—TIfE ODYSSEY. Done into English by S. H. 
Butcher, M.A., Fellow of University College, Oxford, and 
Andrew Lang, M.A., late Fellow of Merton College, Oxford. 
Second Edition, revised and corrected, with new Introduction, 
additional Notes and Illustrations. Crown 8vo. lOr. 6d, 

THE ILIAD, Edited, with Introduction and Notes, by 
Walter Leaf, M. A., Fellow of Trinity College, Cambridge, 
and the late J. H. Pratt, M.A. 8vo. \In preparation, 

THE ILIAD, Translated into English Prose. By Andrew 
Lano, M.A., Walter Leaf, M.A., and Ernest Myers, 
M.A. Crown 8vo. \In the Press, 

HOBSDQftIC SZCrxoMTAXT. For Use in Schools and Colleges. 
Translated from the German of Dr. ;G. Autenreith, with 
Additions and Corrections by R. P. Kup, Ph.D. With 
numerous Illustrations. Crown 8vo. 6f. 

HORAOB— 7Wi£ WORKS OP HORACE^ rendered mto 
English Prose, with Introductions, Running Analysis, and 
Notes, by J. Lonsdale, M.A., and S. Lbs, M.A. Globe 
8vo. 3^. dd, 

THE ODES OF HORACE IN A METRICAL PARA- 
PHRASE, By R. M. HovENDEN. Extra fcap. 8vo. 4/. 

HORACES UFE AND CHARACTER, An Epitome of 
his Satures and Epistles. By R. M. Hovenden. Extra fcap. 
8va 4r. &/. 

WORD FOR WORD FROM HORACE. The Odes 
literally Versified. By W, T. Thornton, C.B. Crown 
Svo. 7j. 61/. 

JACKSON— /I^^T* STEPS TO GREEK PROSE COM- 
POSITION, By Blomfield Jackson, M.A. Assistant- 
Master in King^s College School, London. New Edition 
revised and enlarged. i8mo \s, 6</. 



CLASSICAL, 



JACKSON Contiittiid— 

KEY TO FIRST STEPS. iSiio. 31. 6./. 
SECOND STEPS TO GREEK PROSE COMPOSITION, 
with Miscellaneous Idioms, Aids to Accentiiatioa, and Exami- 
oalion Pupers in Greek Scholanhip. iSmo. 2s. 6d. 
,*. A Key to Second Steps, for the nse of Teachers only, is in 

preparation. 

JACKSON—^ MANUAL OF GREEK PHILOSOFHY. By 
Hknrv Jackson, M.A., Fellow and Pisleetor In Andent 
PhiioBophy, Trinity College, Carobridge. \In prtpara^on. 

JBBB— Works by R. C. Jebb, M.A., Professor of Gieelt in Iha 
UniverEity of Glasgow. 

THE ATTIC ORATORS FROM ANTIPHON T9 
ISAEOS. a vols. 8vo. i%s. 

SELECTIONS FROM THE ATTIC ORATORS, ANTI- 
PHON, ANDOKIDES, LYSIAS, ISOKRATES, AND 
ISjEOS. Hdited, with Notes. Being a caropanioa volume to 
tlie preceding work. Svo. \2s. 6d. 

THS. CHARACTERS OFTHEOFHRASTUS, Translated 
IroiQ a revised Text, witli Introduction aod Notei. Extra Ibap. 
iSvo. 61. 6a. 

A PRIMER OF GREEK LITERATURE. iSmo. \t. 
A HISTOR Y OF GREEK LITER A TURE. Crown Svo, 
\Ia prtparatioH, 

iWE^AJ,— THIRTEEN SATIRES OF JUVENAL. With 
■ Commentary. B; John E. B. Uayor, M.A., Kenned; 
Professor of Latin at Cambridg:e. Vol. I. Second Edition, 
enlarged. Crown Svo. 71. fid. Vol. II. Ciowa Svo. I 
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JUVENAIi Continued— 

THIRTEEN SATIRES. Translated by Herbert 
Strong, M.A., Professor of Latin, and Alexander 
Leeper» M.A., Warden of Trinity College, in the University 
of Melbourne. Crown 8vo. [/« the press. 

l^t^EVT^KT—MANUAL OF ANCIENT GEOGRAPHY, 

Translated from the German of Dr. Heinrich Kiepert. 

Crown 8vo. 5^. 

*' The English Ekiition of the * Manual ' will form an indi pensable com- 
panion to Kicpert's 'Atlas 'now used in many of our leadiii}; schools." — 
The Times, 

WLrrHASTOV—EXERCISES IN THE COMPOSITION OF 

GREEK IAMBIC VERSE by Translations from English 

Dramatists. By Rev. H. Kynaston. M.A.. Principal of 

Cheltenham College. With Introduction, Vocabulary, &c 

Extra Fcap. 8vo. 4J. 6d. 

KEY TO THE SAME (for Teachers only). Extra fcap. 
8vo. 4J. 6d. 

EXEMPLARIA CHEL TONIENSIA : sive quae disdpulis 
.suis Carmina identidem Latine reddcnda proposuit ipse red- 
didit ex cathedra dictavit Herbert Kynaston^ M.A., 
Principal of Cheltenham College. Extra fcap. 8vo. 5^. 

1*1 VY, Books XXI. — XXV. Translated by A. J CHURCH, 
M. A., and W. J. Brodribb, M.A. Crown 8vo. [In the press, 

ImJmO'Y'D'-THE age of PERICLES: A History of the 
Politics and Arts of Greece from the Persian to the Pelopon 
nesian War. By WILLIAM Watkiss Lloyd. 2 voK 8vo. 2\s. 

yLKOiailAMAUr— first LATIN GRAMMAR, By M. C. 

Macmillan, M. a., late Scholar of Christ's College, Cambridge, 

Assistant Master in St. Paul's School i8mo. i.r. 6d. 
MAHAPFY— Works by J. P. Mahafpy, M.A., Professor of 

Ancient History in Trinity College, I)ublin. 

SOCIAL LIFE IN GREECE ; from Homer to Menander. 

Fourth Edition, revised and enlarged. Crovm 8vo 91. 

RAMBLES AND STUDIES IN GREECE, NVith lUus- 

trations. Second Edition. With Map. Crown 8vo. lox. dd, 

A PRIMER OF GREEK ANTIQUITIES, With nins. 

tradons. iSmo. \s. 

MUHIPWBS, i8mo. IX. 6# 



MARKHALI, — ^ TABLE OF IRREGULAR GREEK 
VERBS, classified according to the Bmkngement of Curtius 
Greek Grammu. By J. M. MARSHALL, M.A., one of the 
Masters in Cliftnn College. Svo. dotli. New Edilioa. U. 

VLKRIlKli—SELECT EPIGRAMS FROM MARTIAL FOR 
ENGLISH READERS. Translated by W. T. Webb, 
M.A,, Professor of History and Political Economy, Presidency 
College, Catcnlta. Extra feap. 8vo. 41. (ni. 

BOOKS I. AND. U. OF THE EPIGKAMS. EdiiGd. 
with Introduction and Nole^, liy Professor j. E. B. Mavok, 
M.A. Svo. [/« thipras. 

MAYOR [JOHN E. ^.)— FIRST GREEK READER. Edited 
afler Kakl Halm, with Corrections and large Additions by 
Professor John E. B. Mavoe, M.A., FeUow of St. John's 
Collt^e, Camhridge. New Edition, revised. Fcap. Svo, 41. bd. 
BIBLIOGRAPHICAL CLUE TO LATIN LITERA- 
TURE. Edited after HflBNKR, with targe Addidoox by 
Professor John EL B. Mayor. Crown Svo. ioi. bd. 

MAYOR (JOSEPH K.)—GREEtir FOR BEGINNERS. By 
the Rev. J. B. Mavor, M.A.. Professor of Classical Literature 
In King's CoUege, London. Part 1., with Vocabulary, ir, &/. 
Parts 11. and III., with Vocal.ulary and Index, 31. 6rf. com. 
plete in one Vol. New Eilition. Fcap. Svo. cloth. 41. 6d. 

NIX.OK— PARALLEL EXTRACTS arranged for translalio.i 
into Engllil' and Latin, with Notes on Idionu. By T. E. 
Nixon, M.A., Fellow and Clas»icil Lecturer, King's Collie, 
Cambridge, Part I. — Historical and Epislolarj. New Edition, 
reviaed and enlarged. Crown 8»o. 3J. 6d. 

PRIt,E (JOHN, M.A.)— /(A' INTRODUCTION TO GREEK 
AND LATIN ETYMOLOCY. By John Peilk. M.A.. 
Fellow and Tutor of Qirist's College, Cimbridgc, formerly 
Teacher of Sanskrit m llic University of Cambridge. Third 
and Revised Edition. Crown Svo. loi. f>J. 
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PHRYNICHUS — RUTHERFORD— T:^^ J^TEfV FURY' 
NICHUS; being a Revised Text of the Ecloga of the Gram- 
marian Phrynichus. With Introduction and Commentary by 
W. GuNioN Rutherford, M. A., of Balliol College, Oxford, 
Assistant Classical Master in St. Paul's School. 8vo. i8j. 

PINDAR— THE EXTANT ODES OF FINDAR. Translated 
into English, with an Introduction and short Notes, by Ernest 
Myers, M.A., Fellow of Wadham College, Oxford. Crown 
8vo. 5x. 

PlULTO—TffE REPUBLIC OF FLATO, Tranriated into 
English, with an Analysis and Notes, by J. Ll. Davies, 
M.A., and D. J. Vaughan, M.A. New Edition, ^-itb 
Vignette Portraits of Plato and Socrates, engrayed by Jeens 
from an Antiqae Gem. iSmo. 44. 6</. 

PHILEBUS. Edited, with Introduction and Notes, by 
Henry Jackson, M.A., Fellow of Trinity College, Cambridge. 
Svo. [In preparaHon. 

THE TRIAL AND DEATH OF SOCRATES, Bein,' 
the Euthyphro, Apology, Crito, and Phaedo of Plato. Trans- 
lated by F. J. Church. . Croten 8vo. 4J. 6d^ 

FH^DO.— Edited by R. D. Archer-Hind, M.A., Fellow 
of Trinity College, Cambridge. 8vo. \In prcpa'cUun. 

PImAVTVU—THE MOSTELLARIA of FLAUTUS. With 
Notes, Prolegomena, and Excursus. By William Ramsay. 
M.A., formerly Professor of Humanity in the University of 
Glasgow. Edited by Professor George G. Ramsay, M.A., 
of the University of Glasgow. 8vo. 14J. 

POSTGATE AND VINCE— ^ DICTIONARY OF LATIS 
etymology. I3y J. P. Postgate, M.A., and C. A. 
ViNCE, M.A. [In preparation, 

POTTS (A. "W., M.A.)— Works by ALEXANDER W. POTTS, 

M.A., LL.D., late Fellow of St. John's College, Cambridge; 
Head Master of the Fettes College, Edinburgh. 

HINTS TOWARDS LATIN PROSE COMPOSITION 

New Edition. Extra fcap. 8vo. y. 
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VOTTS C^mtinutd— 

PASSAGES FOR TRANSLATION INTO LATIN 
PROSE. Edited with Notes and References to the nbove. 
Eitta fcap 8vo. 2j. 

LATIN VERSIONS OP PASSAGES FOR TRANSLA- 
TION INTO LATIN PROSE. For Teachers on]y. aj. 6rf. 
EXERCISES IN LATIN PROSE. With Introduction, 
Notes, Sic, for Ihe Middle Forms of SchooU. Extra fcap. 8»o, 
[/« prcparaiiBtt. 

BOBY— ^ GRAMMAR OF THELATIN LANGUAGE, from 
Plantus to Suetonins. Br H. J. KoBY, M.A., late Fellon of 
St. John's College, Cambridge. In Two Parts. Third Edition. 
Fait I. containing : — Book I, Sounds. Book II. Inflexloni, 
Book IlL Word-formation. Appendices. Crown Svo. &r. &/. 
Pan II.— Syntax, Prepositions, &c. Crown 8to. ioj. 6d. 



KfiVB.-~syNTHETIC LATIN DELECTUS. A First Latin 
Construing Book arranged on the Principles of Gianunatical 
Analysis. With Notes and Vocabulary. By E. RuSH, B.A. 
With Preface by the Rev. W. F. MolILToN. M.A.. D.D. 
Second am! Enlarged EdiEiDii. Extra /cap. Syo. 21. M. 

mnvt— FIRST STEPS TO LA TIN PROSE COMPOSITION. 
By the Rev, G. RosT, M.A. of Pembrolte Collie, Oxford, 
Master of the Lower School. King's CoU^c, London. New 
Edition. iSmo. \s. 6(i. 

aUTHBSrOBD— .^ FIRST CREEK GRAMMAR. ByW.G. 
KDTHKRFoaD, M.A., Assistant Master to St Paul's School, 
London. New Edition, enlarged. Extra fcap. 8<N>. ii. dil. 

SAI.UVIST~CATIL!N£ ANDJUCURTJIA. TransUted, with 

Intioiluclory EiSjys, by A. W. POLLARO, B.A. Crown Svo. 

[It lii pres!. 



PRIMER OF LATIN LITERATURE, liy 
Prof. J. k. SuLar. [In prtparaiitn. 
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BlVLlf SOU— PROGRESSIVE EXERCISES IN LATIN 

PROSE COMPOSITION. Founded on Passages selected 

from Cicero, Livy, &c. By F. P. Simpson, B.A., of Balliol 

College, Oxford. [In preparouion, 

TtLOVrvn-^COMPLElE WORKS TRANSLATED. By A. J. 
Church, M.A., and W. J. Brodribb, M.A. 
THE HISTORY. With Notes and a Map. New Edition. 
Crown 8vo. dr. 

THE ANNALS. With Notes and Maps. New Edition. 
Crown 8vo. 'js. 6d, 

THE AGRICOLA AND GERMANY, WITH THE 
DIALOGUE ON ORATORY. With Maps and Notes. 
N«>w and Revised Edition. Crown 8va 4^. 6d. 

THE ANNALS, Edited, with Introductions and Notes, by 
G. O. Holbrooke, M.A., Professor of Latin in Trinity 
College, Harford, U.S.A. Svo. [In the press. 

THE HISTORIES. Edited, with Introduction and Notes, by 
Rev. Walter Short, M.A., and Rev. W. A. Stooner, 
M. A., Fellows of New College, Oxford. 8vo. [In ^repartition, 

rHEOCRITUS, BION and MOSCHUS. Rendered into 
English Prose with Introductory Essay by Andrew Lang, 
M.A. Crown 8vo. 6<r. 

THBQPHBA8TU8— 7*.^^ CHARACTERS OF THEO- 
PHRASTUS. An English Translation from a Revised Text 
V/ith Introduction and Notes. By R. C. Jsbb, M.A., Pro- 
fessor of Greek in the University of Glasgow. Extra fcap. 8vo. 
6s. 6d, 

THRING — Works by the Rev. E. Thring, M.A., Head- 
Master of Uppingham SchooL 

A LATIN GRADUAL. A First Latin Constming Book 
for Beginners. New Edition, enlarged, with Coloured Sentence 
Maps. Fcap. 8vo. 2s. 6U, 

A MANUAL OF MOOD CONSTRUCTIONS. Fcap. 
8vo. is, 6d. 

A CONSTRUING BOOK. Fcap. 8vo. 2s. 6d. 



VIKOtlM—rffS WORKS OF VIRGIL RENDERED INTO 
ENGLISH PROSE, with Note», Introductions, Rmming 
AoalTsis, uid an Index, by JAMSS LoNSDAXB, M.A., and 
Samuhl Lbi, M.A. New Edition. Globe 3vo. 31. W, 

VravSKi— FIRST LESSONS IN GREEK. Adapted to Good- 
win's Greek Grammar, and designed aa an introiluction to the 
Anabasis of Xenophon. By John Williams W hi th, Ph.D., 
Assistant-Prof, of Greek in Harvard University. Crown 3vo. 
4/. (,d. 

WltKINS— V* PRIMER OF ROMAN ANTIQUITIES. Bj 
A. a. WiLKlNS, M.A., ProfesEOT of Latin in the Owens 
College, Manchester. With niustradonl. iSmo. it. 

WBIOHT— Works by J. Wbight, M.A„ Ute Head Master of 
I Sntton Coldfield SchooL 
pELLENlCA : OR, A HISTORY OF GREECE IN 
^REE/C, as related by Diodorus and ThucydLdes ; being a 
:t Greek Reading Eook, with expL-vnatory Notes, Critical 
and Tlistorical. New Edition with a Vocabuliu/. Fcap. Svn. 

3J. &/. 

A HELP TO LATIN GRAMMAR; or. The Form 

and Use of Words in Latin, with Progresinvc Exereise*. 

Crown Bvo. 41, W. 

THE SEVEN KINGS OF ROME. An Easy Narrative, 

■bridged from the Firat Book of Livy by the omission 01 

Difficult Passages; being ■ First Latin Reading Book, with 

Grammatical Notes and Vocabulary, New and revised 

edition. Fcap. Svo. 31. 6rf. 

FIRST LATIN STEPS; OR, AN INTRODUCTION 

BY A SERIES OF EXAMPLES TO THE STUDY 

OF THE LATIN LANGUAGE. Crown 8»o. 31. 



A COMPLETE LA TIN COURSE, eomptising Rulw with 

Emmples, Exercises, both Latin and English, on each Rule 
■od Vo«»b«loric». Crown Bvfi 2r, bit 
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AIRY — Works by Sir G. B. Airy, K.C.B., Astronomer 
Royal : — 

ELEMENTARY TREATISE 01^ PARTIAL DIF- 
FERENTIAL EQUATIONS. Designed for the Use of 
Students in the Univendties. With Diag|nun& Second Edition. 
Crown 8vo. 5j. 6d. 

ON THE ALGEBRAICAL AND NUMERICAL 
THEORY OF ERRORS OF OBSERVATIONS AND 
THE COMBINATION OF OBSERVATIONS. Second 
Edition, revised. Crown Sva ts. 6d. 
UNDULATORY THEORY OF OPTICS. Designed for 
the Use of Students in the University. New Edition. Crown 
8vo. 6s. 6d, 

ON SOUND AND ATMOSPHERIC VIBRATIONS. 
With the Mathematical Elements of Music Designed for the 
Use of Students in the UniYerstty. Second Edition, Revised 
and Enlarged. Cxown 8vo. ^. 

A TREATISE ON MAGNETISM, Designed for the Use 
of Students in the University. Crown 8vo. qj. 6d, 

AIBY (OSMUND)—^ TREATISE ON GEOMETRICAL 
OPTICS. Adapted for the use of the Higher Classes hi 
Schools. By Osmund Airy, B.A., one of the Mathematical 
Masters in Wellingfton College. Extra fcap. 8vo. 31. 6d. 

AImT}18— THE GIANT ARITHMOS. An Arithmetic for 
Children. By Mrs. Steadman Aldis. Illustrated. 

\Tn the press. 

^iLUmML^THE ELEMENTS OF MOLECULAR MECHA' 
NICS. By JosKPH Batbca, S.J., Professor of Philosophy, 
StonyhuTc^t CoU^e. Demy Sto. 10s. 6d. 

BEASl.JaY-.iiV ELEMENTARY TREATISE ON PLANE 
TRIGG NOME TR Y. With Examples. By R. D. Beaslky, 
M.A., Head Master of Grantham Grammar SchooL Fifth 
Edition, revised and enlarged. Crown 8va 3^. 6d. 

BLACKBURN (HUGH) — ELEMENTS OF PLANE 
TRIGONOMETRY, for the use of the Junior Class hi 
Mathematics in the University of Gla^riw. By HtrcH 
Blackburm, M.A., Professor of Mathematics in the Uu:ver- 
sity ot Glab^ow. Globe bva is. ixi. 
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BSOIiE—Woiks by G. BouT.E, D.C U, ?'.R.S., Ule ProfessT 
of Mathematics in 'he QiiPen's Univcisity, Ireland. 
A TREATISE O.V DlfFKRENTlAL EQUATIONS, 
TTiird and Reused Edition. Eduidliy I. ToDHUft'TEK. Crowo 

A TREATISF ON DIFFERENTIAL EQl/ATIOIiS. 
Supplementary Vu'.unie, Edited by L Touiiuwitii. Ciowu 
Sto. is. td. 



B« OOK "TVirTH {3.\~AR!THMETIC l.V THEORY AND 
^PRACTICE. By ;. Beook-Smith, M.A., LL.Ii , Si, 
iJohn'i College, CaiDbdd^ ; Barristei-al-Law ; one nl tlie 
i of Chelienham CoUege. New Edition, revised. 



l%n—RROBLEMS AND RWERS. By A. G. Ghsrnhiil. 
M.A. CiDwn Sink Sr. &/. 

i%f}%—SOLUTIONS OF SENA TE-HOUSE FROnLKMS 
By t)ie Matbemittical Modeniuiiii cud ExsTninvrs. Edited by 
J. W. L. GxjlJSHKE, M.A., Feliow of Trinily College, 
Cambridge. 13.1. 

ZKVi-D'ixa.—HELF TO AXITJIMETIC. Designed tor tlic 
use of Schools. By H. CaNuUCB, M.A., Malhemaiical 
Mttslei of UppifiEham School, Ejtta fcap. %to ai, fid. 

aHBVNE— yiJV ELEMENTARY TREATISE C\' THE 
PLANETARY THEORY. By C. H. II. ClitVNB, M.A., 
F,K.A,t>. WitJt a Collection ol rioblems. Second EOitiun, 
Crown 8vo. fa. fii/, 

CHRIBTIB— .,1 COLLECTION OF ELEMENTARY TEST- 
QL'FsnONS IN PURE AND MIXED MA1UE- 
MATICij nil!] Answi-r* and ApjijnJIce* on Syntl.ctic 
Division, and on the Solution ul K imici-lc-J f-qnntioiu by 
Homer's Method, iiy J^ur? T? rHwsTiK, F.K.i>,, iiuyai 
Military Academy, Woolwich. Crown 8to. &. 6d. 
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OI.IFFORD— 7*^jS elements OF DYNAMIC. An In- 
troduction to the Study of Motion and Rest in Solid and Fluid 
Bodies. By W. K. Clifford, F.R.S., Professor of Applied 
Mathematics and Mechanics at University Coll^e^ London. 
Part L—KINEMATIC. Crown 8vo. 7^. 6</. 

COJUWrAMlM-n— GEOMETRICAL EXERCISES FOR BE- 
GINNERS. By Samuel Constable. Crown 8vo. 3J. 6d. 

QVViVLlVO—AN INTRODUCTION TO THE THEORY 
OF ELECTRICITY. By LiNNiEUS Cumming, M.A., 
one of the Masters of Rugby School With Ulustrations. 
Crown 8vo. &f. 6^ 

OUTUBlRUTBOlt-'EC/CLIDIAN GEOMETR Y. By Francis 
CuTHBSRTSON, M.A., LL.D., Head Mathematical Master of 
the City of London SchooL Extra fcap. 8vo. 4^. 6d, 

BAIiTON—Works by the Rev. T. Dalton, M.A., Assistant 
Master of Eton CoU^e. 

RULES AND EXAMPLES IN ARITHMETIC. New Edi- 
tion. i8mo. 2x. 6d. [Ansufers to the Examples are appended, 

RULES AND EXAMPLES IN ALGEBRA. Part L 
New Edition. i8mo. 2j. Part II. i8ma 2r. td, 

liAY-^PROPERTIES OF CONIC SECTIONS PROVED 
GEOMETRICALLY. Part I., THE ELLIPSE, with 
Problems. By the Rev. H. G. Day, M.A. Crown 8va 
^.6d, 

VKum—GEOMETRICAL TREATISE ON CONIC SEC- 
TIONS. By W. H. Drew, M.A., St John's College, 
Cambridge. New Edition, enlai^ed. Crown 8vo. p. 

SOLUTIONS TO THE PROBLEMS IN DREHPS 
CONIC SECTIONS. Crown 8vo. 4f. 6d, 

nY^K— EXERCISES IN ANALYTICAL GEOMETRY. 
Compiled and arranged by J. M. Dyer, M.A., Senior 
Mathematical Master in the Classical Department of Cheltenham 
College. With Illustrations. Crown 8vo. 4^. 6d. 
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BDCtAB {a. B.) knd PRITCHARD (S. B.)—NOTE-BOO/C 
ON PRACTICAL SOLID OR DESCRIPTIVE GEO- 
METR Y. Containitig ProblemB wilh help for Solutions. By 
J. H. EDttAR, M,A., Lecturer on Mechanical Drawing ol the 
Royil School of Mirio, and G. S. pRlTCHARn. Fourth 
Edition, revised and enlarged, by Artkuk Meeze, Globe 
Svo, 4.;. 6d. 

FBRKERa—Wtnks by the Rev, N. M. Feerehs, M.A., Fellow 
and Master of GonviUe and Cmus College. Cambridge. 
AN ELEMENTARY TREATISE ON TRILINEAR 
CO-ORDINATES, the Method of Reciprocal Polara, and 
the Theory of Projectors. New Edition, revised. Crown Svo. 
fa. W. 

AN ELEMENTARY TREATISE ON SPHERICAL 
HARMONICS, AND SUBJECTS CONNECTED WITH 
THEM. Crown Svo. Jj. bd. 

PROBT— Works liy Percival KHOir, M.A., formerly Fellow 
of St. John's College, Cambridge ; Mathematical Leemicr of 
King's College. 

AN ELEMENTARY TREATISE ON CURVE TRA- 
CING. By Pkrcival Frost, M.A, Bvo, iz>. 
SOLID GEOMETRY. A New Edition, revised and enlarged 
of the Treatise by FeosT and WoLSTBNHOLUs. In a Vols. 
VoL I. 8vo. \(,!. 

OODFRAV — Wuiki by HuGH GoDfRAV, M.A., Malhematicil 
Xxcluicr at Peuibioke College, Cambrit^e. 
A TREATISE ON ASTRONOMY, for the Use of Colleg^e 
■nd Schools, New Edition, Svo. t ij. (xJ. 
AN ELEMENTARY TREATISE ON THE LUNAR 
THEORY, witha Brief Sketch o( the Problem up to the time 
of Newton. Second Edition, revLted. Crown Svo. 5j. fid. 

mSKUniB-'AN ELEMENTARY TREATISE ON THE 
DIFFERENTIAL AND INTEGRAL CALCULUS, for 
the I'se of Collides and Schools. By G. W. HkMmiNG, M.A., 
Fellow of Sl John's College, Cambridge. Second Editkni, 
with Corrections and Additions. Svo. 91, 
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ShXlK,^01Si — GEOMETRICAL CONIC SECTIONS. An 

' Elementary Treatise in which the CoAic Sections are defined 

as the Plane Sections of a Cone, and treated by the Method 

of Projection. By J. Stuart Jackson, M. A., late Fellow of 

Gonville and Caius College, Cambridge. Crown 8vo. 41. 6d, 

JBXAET (JOHN H.)— ^ TREATISE ON THE THEORY 
OF FRICTION, By John H. Jellet, B.D., Provost 
of Trinity College, Dublin; President of the Royal Irish 
Academy. 8vo. &r. 6d, 

JONES and OH.'EYVJa — ALGEBRAICAL EXERCISES. 
Progressively Arranged. By the Rev. C. A. Jones, M.A.,and 
C. H. Cheyne, M.A., F.R.A.S., Mathematical Masters of 
Westminster School. New Edition. i8mo. 2s, 6d. 

KBI.I.AND and VAIT—INTRODC/CTION TO QUATER- 
NIONS, with numerous examples. By P. Kelland, M.A., 
F,R.S., and P. G. Tait, M.A., Professors in the department 
of Mathematics in the University of Edinbuigh. Crown 8vo. 

KITCHENER—^ GEOMETRICAL NOTE-BOOK, containing 
Easy Problems in Geometrical Drawing preparatory to the 
Study of Geometry. For the use of Sdiools. By F. E. 
Kitchener, M.A., Mathematical Master at Rugby. New 
Edition. 4to. 2J. 

-LOCVL—ELEMENTAR V TRIGONOMETR V. By Rev. J. B. 
Lock, M. A., Fellow of Caius College, Cambridge ; Assistant- 
Master at Eton. Globe 8vo. [In the pt ess. 

VLKVImT— NATURAL GEOMETRY: an Introduction to the 
Logical Study of Mathematics. For Schools and Technical 
Classes. With Explanatory Models, based upon the Tachy 
metrical works of Ed. Lagout. By A. Mault. i8mo. is. 
Models to Illustrate the above, in Box, 12^. 6d. 

M^nUlM AN -^ ELEMENTS OF THE METHOD OF 
LEAST SQUARES. By Mansfield Merriman, Ph.D 
Professor of Civil and Mechanical Engineering, Lehigh Uni- 
versity, Bethlehem, Penn. Crown 8vo. Js. 6d. 

JUlJ^-hA-R— ELEMENTS OF DESCRIPTIVE GEOMETRY, 
By J. B. Millar, C.E., Assistant Lecturer in Engineering in 
Owens CoUege, Manchester. Crown 8vo. 6s, 



KOKSAN — A COLLECTION OF PROBLEMS AND 
EXAMPLES IN MATHEMATICS. With Answers. 
By H. A. Moigan, M.A., SadlerioD and Mathemittical 
Lecturer of Jesus CtJIege, Cambridge. Crown Bvo. fa, dd. 

VLXJ1.R.-A TREATISE ON THE THEORY OF DETER- 
MINANTS. With graduated sets of examples. For use in 
Colleges Knd Schools, By Thos. Much, M.A., F.K.S.E., 
Mathematical Master in the High School of Glaseow. Crown 
Svo. -11.6,1. 

NB^trrON'S PRINCIPIA. Edited by ProE Sir W. THOMSON 
:nd Professor Blackburn. 410 doth. 3IJ. 6rf. 
TBE FIRST THREE SECTIONS OF NEWTON'S 
PRINCIPIA, With Notes and lUustratioos. Also a col- 
lection of Problems, prindpally intended as Examples of 
Newton's Method*. By Pbrcival Frost, M.A. Third 
Edition. Sv6. 131. 

PAR KIN BOM— Works by S. Parkinson, D.D., F.R.S., Tntor 
ind Prselectoc of St. John's College, Cambridge. 
AN ELEMENTARY TREATISE ON MECHANICS. 
For the U»e of the Junior ClasMS at the Univerdty and the 
Hi(;her Classes in Sdioola. With a Collection of Examples. 
Sixth Edition, revised. Crown Svo. doth. ^. 64. 
A TREATISE ON OPTICS. New Edition, revised and 
enlarged. Crown Sto, cloth, loi. 6d. 

n-DI.aV— EXERCISES IN ARITHMETIC for the Use of 
Schools, Cipntsining more than 7,000 original Eiampfe. 
By S. PiDLEY, lale of Tamw,.rtli Giammai SclioDl. Crown 
Svo. Si. 

91i^KK.-~ELEMENTARY HYDROSTATICS. With Nu- 
mcrons Examples. By J. a Phbak, M.A., Fellow and late 
Assistant Tntor of Clare College, Cambridge. New Edition. 
Crown jjvo. cloth, 5J. Sd. 

VVaXE,— LESSONS ON RIGID DYNAMICS. By the Rev. 
G. PiBiE, M.A., lale Fellow and Tutor of Queen's College, 
Cambridge; Professor of Molhematics in the Univermty o[ 
Aberdeen. Crown Svo. fa. 
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WCWLImB-AJ^ elementary TREATISE ON CONIC 
SECTIONS AND ALGEBRAIC GEOMETRY. With 
Numerous Examples and Hints for their Solution ; especially 
designed for the Use of Beginners. By G. H. Pucklk, M. A 
New Edition, revised and enlarged. Crown 8va 7^. 6</. 

'WLh:!7nM\isi%ols^^ELEMENTARY STATICS, by the Rev. 
Gborgb Rawlinson, M.A. Edited by the Rev. Edward 
Sturgks, M.A. Crown 8vo. 4J. 6d, 

RArrw^QU—TBE THEORY CtF SOUND. By LOBD 
Raylbigh, M.A., F.R.S., formerly Fellow of Trinity College* 
Cambridge. 8vo. Vol I^ I2x. 6d. Vol. II. \2s. 6d. 

IVbl. UI. in the press. 

BMYVOl^B^MODERN METHODS IN ELEMENTARY 
* GEOMETRY. By E. M. Rbynolds, M.A., Madiematical 
Blaster in Clifton College. Crown 8vo. 3j. 6t/. 

ROUTH — Works by Edward John Routh, M.A., F.R^., 
late Fellow and Assistant Tutor of St. Peter's College, Cam- 
bridge ; Examiner in the University of London. 

AN ELEMENT AR Y TREA TISE ON THE D YNAMICS 
OF THE SYSTEM OS RIGID BODIES. With numerous 
Examples. Third and enlarged Edition. 8vo. 2ii. 

STABILITY OF A GIVEN STATE OF MOTION, 
PARTICULARLY STEADY MOTION. Adams* Priie 
Essay for 1877. Sva %s. 6d. 

SMITH— Works by the Rev. Barnard Smith, M.A., Rector 
of Glaston, Rutland, late Fellow and Senior Bursar of St. 
Peter's College, Cambridge. 

ARITHMETIC AND ALGEBRA, in their Priudples and 
Application ; with numerous systematically arranged Examples 
taken from the Cambridge Examination Papers, with especial 
reference to the Ordinary Examination for the B.A. D^ree. 
New Edition, carefully revised. Crown 8vo. los. 61. 

ARITHMETIC FOR SCHOOLS. New Edition. Crown 
8vo. 4J. 6di 

A KEY TO THE ARITHMETIC FOR SCHOOLS. 
New Edition. Crown 8vo. &f . td. 



MATHEMATICS. aj 

SMITH CoHtiHiuJ— 

EXEJiCISES IN ARITHMETIC. Crown 8vo. limp doth, 
at. W[ih Answers. 2s. 6a. 
Answers separately. 6d. 
SCHOOL CLASS-BOOK OP ARITHMETIC. i8mo. 

Or sold separately, in Three Psrti. \s. each. 



SHILLING BOOK OP ARITHMETIC FOR NA TIONAL 

AND ELEMENTARY SCHOOLS. iBmo. cloth. Or 

separately, Parti, arf. ; Part II. yl. ; Part III. Id, Answers. 

td. 

THE SAME, with Answeis complete. iSmo, doth, ti. 6(/. 



EXAMINATION PAPERS IN ARITHMETIC. iSmo 
U. 6d. The same, with Answers, iSmo. ai. Answers, 6d. 

KEY TO EXAMINATION PAPERS IN ARITH- 
METIC. iSmo. <i. 6d. 

THE METRIC SYSTEM OF ARITHMETIC, ITS 
PRINCIPLES AND APPLICATIONS, with naroerous 
Examples, written expressly for Standard V. in National 
Schools. New Edition. tSmo. doth, sewed, ^d. 
A CHART OF THE METRIC SYSTEM, on a. Sheet, 
iLce 42 in. by 34 in. on Roller, moimled and varciahed, price 
Ji. 6d. Mew Edition, 

Also 3 Small Chart on a Csxd, price id. 

EASY LESSONS IN ARITHMETIC, combining Exercises 
in Reading, Writing, Spelling, and Dictation. Part 1. for 
Standard L in National Schools. Cruwu Svo. gd. 
EXAMINATION CARDS IN ARITHMF-TIC. (Dedi. 
a Lord Sandon.] With Answers and Hints. 
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SMITH Continued— 

Standards I. and II. i^ box, \s. Standards IIL, IV. and V., 

in boxes, is. each. Standard VL in TyfQ l^axts^ in boxes, 

is, each. 

A and B papers, of nearly the same difficulty, are given so as to 

prevent cop3ring, and the Colours of die A anid B papers differ in 

each Standard, and from those of every other Standard, so that a 

master or mistress can see at a glance whether the children have the 

proper papers. 

SMITH, O.-COAT/C SECTIOI^S, By Charles Smith, M.A., 
Fellow and Tutor of Sidney Sussex College, Cambridge. 

[In the press, 

SNOWBAIil. — THE ELEMENTS OP PLANE AND 
SPHERICAL TEIGONOJfETPY; in^theC<m^txvLCt\oxi 
and Use of Tables of Logarithms. By J. C. Snowball, M.A. 
New Edition. Crown 8vo. 7/. 6ei* 

SYLIfA9l78 or PLAXjTB GEQI^ETI^Y (corresponding to 
Euclid, Books I. — VI.). Prepared by the Association for the 
Improvement of Geometrical Teaching. New Edition. Crown 
8vo. is. 

TAIT and STBBIiB— ^ TREATISE ON DYNAMICS OF 

A PARTICLE. With numerous Examples. By Professor 
Tait and Mr. Steele. Fourth Edition, revised. Crown 
8vo. 1 2 J. 

t-B^IlY-^ ELEMENTARY MENSURATION FOR 
SCHOOLS. With numerous Examples, By Sbptimi s 
Tebay, B.A., Head Master of Queen Elizabeth's Gnunmar 
School, Rivington Extra fcap. 8vo. jj. 6d. 

TODHUNTBB-— Works by I.. TopHUNTJ^R, J^A., F.R.S., of 

St. John's College, Cambridge. 

" Mr. Todhunter is chiefly known to students of Mathematics as the 
author o£ a series of admirable mathematical text-boo^s, which possess 
the rare qualities of being dear in style and absolutely free from mistakes, 
typographical or other." — Saturday Review. 

THE ELEMENTS OF EUCLID. Tor the Use of Colleges 

and Schools. New Edition. i8mo. y. 6d, 



KEY TO EXERCISES IN EUCLID. Crown 8vo. 
6j. 6d. 



Mathematics. 

TODHUNTEtt CoHlimud— 

MENSURATION FOR BEC/NNEES. With k 

Examples. New Edftion. iSmo, 21. 6rf. 

ALGEBRA FOK BECrNNERS. ■WithnumerousEiamples. 

New Edition. iSma. 3.1. 6d, 

KEY TO ALGEBRA FOR BEGINNERS. Crown Svo. 

6j. &/. 

TRIGONOMETRY FOR BEGINNERS. Wilh numerous 

EKRinples. New Edition, iSino. zr. 6if. 

A'£ f TO TRIGONOME TR V FOR BEGINNERS. 

Crown Svo. Sj. 6i^. 

MECHANICS FOR BEGINNERS. With Bomerous 

Eiuuiiplea. New Edition. iGmo. 4J. 6^. 

KEY TO MECHANICS FOR BEGINNERS. Crown 

Svo. 61. 6d. 

ALGEBRA. Foi the Use of CoU^ca and Sdiools. New 

Edition. Crown Svo. "Ji. 6d, 

KEY TO ALGEBRA FOR THE USE OF COLLEGES 

AND SCHOOLS. Crown Svo. lot. 6d. 

AN ELEMENTARY TREATISE ON THE THEORY 

CI EQUATIONS. New Edition, revised. Crown Svo. 

V. fi- 

For Schools and CoUegea 



KEY TO PLANE IRICONOMETRY. Crown Svo. 

loj. W. 

A TREATISE ON SPHERICAL TRIGONOMETRY. 

New Edition, eiil:iige4 Crown Svo, +1. 6d. 

PLANE CO-ORDINATE GEOMETRY, as appli-d to the 

Straifilit L!nc and the Conic Sections. With nnmeroiu 

Examples. Ntw Editiun, revised and enkiged. Crown Svo. 

7j. &/. 

A TREA TISS ON THE DIFFERENTIAL CALCULUS. 

With numeroiu Examplei. New Edition. Crown 8vo. 
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TODHUnTBB Continued— 

A TREATISE ON THE INTEGRAL CALCULUS AND 
ITS APPLICATIONS. With numerous Examples. New 
Edition, revised and enlarged. Crown Sva los. 6d, 

EXAMPLES OF ANALYTICAL GEOMETRY OP 
THREE DIMENSIONS. New Edition, revised. Crown 
8vo. \s, 

A TREATISE ON ANALYTICAL STATICS. With 
numerous Examples. New Edition, revised and enlarged. 
Crown 8vo. los. 6d. 

A HISTORY OP THE MATHEMATICAL THEORY 
OF PROBABILITY, from the time of Pascal to that of 
Laplace. 8vo. i8/. 

RESEARCHES IN THE CALCULUS OF VARIA- 
TJONSf principally on the Theory of Discontinuous Solutions : 
an Essay to which the Adams Prize was awarded in the 
University of Cambridge in I$7I. 8vo. 6t. 

A HISTORY OF THE MATHEMATICAL THEORIES 
OF ATTRACTION, AND THE FIGURE OF THE 
EARTH, from the time of Newton to that of Laplace. 2 vols. 
8vo. 24/. 

AN ELEMENTARY TREATISE ON LAPLACE S 
LAMES, AND BESSEVS FUNCTIONS. Crown 8vo' 
\05. 6d. 

Vfril.sON (J. VL.y-ELEMENTARY GEOMETRY. Books 
I. to V. Containing the Subjects of Euclid's first Six 
Books. Following the Syllabus of the Geometrical Association. 
By J. M. Wilson, M.A., Head Master of Clifton College. 
New Edition. Extra fcap. 8vo. 4J. 6d. 

SOLID GEOMETRY AND CONIC SECTIONS. With 
Appendices on Transversals and Harmonic Division. For the 
Use of Schools. By J. M. Wilson, M.A. New Edition 
Extra fcap. Svo. 3^. 6</. 



£. fRouiH 



Wi.I.^<ilH— GRADUATED EXERCISES IN PLANE TRI- 
GONOMETRY, Compiled mid arranged by J. Wilson, 
M.A.. uid S. R, W11.SON, R.A. Crown 8vo. 41. M. 

WltsON (w. P.)--i TREATISE ON DYNAMICS. By 
W. P. Wilson, M.A., Fellow of St. John's College, Cam- 
bridge, and Professor of Mitbemalics in Queen's Collie, 
Belfasl. Svo. 91. (id. 

VfOi.ST^ViaOT.llfE— MATHEMATICAL PROBLEMS, on 
Subjects included in the First and Second Divirions of the 
Schedule of Subjects for the Cambridge Mathematical Tripos 
Examinatirii. Devised and arranged by Joseph Wolstkn- 
HOLME, late Fellow of Chrisfa College, somedme Fellow of 
SL John's College, and Professor of Mathematica in the Koyal 
Indian Engineering College. New Ed, greatly enlarged. Sto. 181. 

SCIENCE. 

SCIENCE PRIMERS FOR ELEMENTARY 

SCHOOLS. 

Under the joint Editorship of Ptofessora IIuxlky, Roscob, and 

Baifouh Sthwaht. 

'•TheM Prinws a» flifrremely sLinple and HLtrmcdvc, uid iboTDUKhly 
uuwer thdr parrioH of just IndiDe ika youn; tegiuncr up to the (hie&h. 

— GUARDIAH. 

■'Tbiyai* wmderfully clear nod lucid in their instrueiJDa. liiiifile is 
vt^e, and adjHirable in (Jan. " — Educatiokal Timka. 

INTBODUCTORV— Ely T. 11. HuXLEV, F.R.S,, TrufesEor of 

Namral History in the Royal School of Mines. iSmo. u, 
CHEHIETBY — By 11. h. RoscoK, F.R.:i., Prolessor of 

Chemistry In the Victoria University tbe Oweni CoUege. 

Manciicster. With numerous Illustraliona. iSmo. ij. New 

Edition. With Qnesiions. 

PHYSICS— By BjU-fOUR Stkwart, F.R.S.. Trcfosorof Natural 
Philowiphy in ilic Viciona Univetsiiy ilic Owens CoUege, 
Manclieialer. With numerous lUustrations. iSmo. u. New 
EdiHon. With Quesiions. 
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8CIBMCB PRIMBR8 C^nHnMed^ 

PHYSIOAI. OB06RAPHY— By ARCHIBALD GsiKIBy F.R.S., 

Director-General of the Geological Suryey. VfV&i nnmeroiis 
Illustratioiis. New Edition, with Questions. i8mo. i/. 

*'Bireryone of his lessons is marked by naplicity, eieuinss, and 
correctness."— Athbmjbumu 

GEOIaOGY — By Professor GsiKiSy F.R.S. With numerous 
Illustrations. New Edition. i8mo. doth. is. 

** It is hardly possible for the dullest ch&d to misonderstand the meaning 
of a elAssifieaiion of stones after Ttdkaaoi Geikie's etphinatian "—School 

BOAXD CUJtOMICLB. 

^nirsioXtbOY— By MiCBCASL Foster, M.D., F.R.S. With 
ftumerons Ulastrations. New Edition. i8ma is, 

" The book seems to ns to leave nothing to be desired as an elementary 

text-boolb "— ACADBMT. 

AftTBONOBKY — By ]. NoRMAN LoCKYBR, F.R.S. With 
numerous Illustrations. New Edition. i8mo. i^. 

'* This is altogether one of the most likely attempts we have ever seen to 
bring astronomy down to the capacity of the young child."-- School 
Bo/enp Chroniclb. 

BOTANY— By Sir J. D. Hooker, K.C.S.I., C.B., F.R.S. 
With numerous lUustrations. New Edition. i8mo, i^. 



((< 



'To teachers the Primer will be of inestimable value, and not only 
because ofthe simplieity o£ the language and the clearness with which the 
snbiect matter is treatecL but also on account of its coming from the highest 
anthority, and so furnishing positive information as to the most suitable 
methods of teaching the science of botany." — Naturb. 

liOGiC— By Professor Stanley Jevons, LL.D., M.A., F.R.S. 
New Edition. i8ma is, 

" It appears to ns admirably adapted to serve both as an introdncticm 
to scientific reasoning, and as a gmde to sound Judgment and reasoning 
in the ordinary affaus of life."— Acadbmv. 

POI.ITICAI. BCONOMY— By Professor Stanlbt Jevons, 

LL.D., M.A., F.R.S. l8mo. is, 

" Unquestionably in every respect an admirable primer."— School 
Board Chxonicub. 

In preparatiaH ;-^ 
ZOOLOGY. By Professor Huxley. &c. &c. 



BLBMENTARY CLASS-BOOKS. 

AaTBOMOMT, by tb» ABtriiiiaBi«r BOTsl. 

POPULAR ASTSONOMY. With Ulnitrationa. By Sir 
G. B. AiET, K.C.B., Aaronomor Roral. New Edition, 
iSmo. 41. 6d. 
ASTBONOHY. 

ELShiENTARY LESSONS IN ASTRONOMY. With 
Coloured Diagrajo of the Spectra of the Son, Stare, asd 
Nebuhe, and nmneroui lUustratlons. By J. Nokman Lockter, 
r.R.S, New EdiHon. Fcap, 8vo. 51. 6rf. 

QUESTIONS ON LOCXYSPS ELEMENTARY LES- 
SONS IN ASTRONOMY. For the Use of Schools. By 
John Fokbis-Robzktsok. iSmo. cloth limp. 11. 6d. 
myBioujsY. 

LESSONS IN ELEMENTARY PHYSIOLOGY. WiUi 
niunerou* inmtrationE, ByT. H. HUXL»v, F.R.S., Professor 
of Natural History in the Royal School of Mines, New 
Edition. Fcap. Svo. 41. 6d, 

" Uaqnotioivbl)' iha clenrfisi add most toBplolc cltBCDiarr frealiCB 
onlhUsubjcEiihadniHHKisiitpnrljLnEUBea,"— WiflTHiNSTKA Rxvirw- 
QVESTIONS ON HUXLEY'S PHYSIOLOGY FOR 
SCHOOLS. By T. Alcock, M.D, i8mo. tt. td. 

BOTAMY. 

LESSONS IN ELEMENTARY BOTANY. By D. 
Oliver, F.R.S., P.L.S., Frofeooc of BoCany in University 
CoU^e, London. With nearly Two Hnndred Ultutratlons. 
New Edition. Fcap. Sto. «>. 6d. 

OBEHI8TRY. 

LESSONS IN ELEMENTARY CHEMISTRY, IN- 
ORGANIC AND ORGANIC. By Hbnky E. Roscoe, 
F.R.S., Professor of ChemiitiJ in the Vicloria University ihe 
Oweni CoU^e, Manchester. With numetoni lUodiationt 
and ChiDDO-Iitho of the Solar SpectruiD. and of the Alkalies 
and Alkaline Earths. New Edition, Fcap, Svo, 41. f,d. 
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BlaBMffNTART OLASS-BOOKfl Contintud— 

A SERIES OF CHEMICAL PROBLEMS, prepared with 
Special Reference to the above, by T. E. Tl orpe, Ph,D., Pro- 
fessor of Chemistry in the Yorkshire College of Science, Leeds. 
Adapted for the Preparation of Students for the Governmenf, 
Science, and Society of Arts Examinations. With a Preface by 
Professor RoscoE. New Edition, with Key. i8mo. 2J. 
CHEMICAL ARITHMETIC, With Examples. By Sydney 
Lupton, M.A., Assistant- Master at Harrow. \In preparation, 

POUTICAIi BCONOMY. 

POLITICAL BCOl^OMY FOR BEGINNERS, By 

MiLLiCENT G. Pawcbtt. New Edltioo. iSmi . 2^. 6d. 

*' Gear, compact, and eoviprehensive."'— DAitv Nsws 
*' The relations of capital and labour have never boeo more simply or 
more dearly expounded."— Comtkmpokakv Rbvixw. 

LOGIC. 

ELEMENTARY LESSONS IN LOGIC; Deductive and 

Inductive, with copious Questions and Examples, and a 

Vocabulary of Logical Terms. By W. Stanley Jevons, 

LL.D., M.A., F.R.S. New Edition. Fcap. Svo. 1$, 6d, 

** Nothing can be better for a school-book.**— Guasdian. 

"A manual alike simple, interesttng. and scientific.** — KtHMnmuu. 

PHYSICS. 

LESSONS IN ELEMENTARY PHYSICS. By Balfour 
Stewart, F.R.S., Professor of Natural Philosophy in the 
Victoria University the Owens College, Manchester. With 
numerous Illustrations and Chromolitho of the Spectra of the 
Sun, Stars, and Nebuhe. New Edition. Fcap. $vo. 4^. 6d, 
'* The beau-ideal of a scientific text-book, clear, accurate, and thorongh." 

— EoOCATIrtNAU TlMi"S. 

QUESTIONS ON BALFOUR STEWART'S ELE- 
MENTAR Y LESSONS IN PH YSICS, By Prof. Thomas 
II. Core, Owens College, Manchester. Fcap. Svo. 2^. 
PRACTICAIa CHEMISTRY. 

THE OWENS COLLEGE JUNIOR COURSE OF 
PRACTICAL CHEMISTRY. By Francis Jonks, Chemical 
Master in the Grammar School, Manchester. With Pre&ce by 
Professor RoscoR, and Illustrations. New Ed. 1 8mo. 2.f. dd, 
CHBMISTRY. 

QUESTIONS ON CHEMISTRY. A Series of Problems 
and Exercises in Inorganic and Organic Chemistry, By 
Francis Jones. F.R.S.E., F.C.S., Chemical Master in the 
Grammar School, Manchester. Fcap. Svo. 3^. 
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SSAMBHTABT OIiAU-BOOKI CcnUmMd— 
AM&TOKY. 

LESSONS IN ELEMENTARY ANATOMY. By St. 
GSOKGI MlVART, F.R.S., Lectuiei in Conipar^tive Anatomy 
>t St. Muy'i HospitaL With npwuds of 400 Illustrations. 
Fcap. 8to. is. fid. 



AN ELEMENTARY TREATISE. By John Psket, 
C.E., Whitwoith Scholar, Fellow of the Chemical Soeielji, 
Lecturer in I'hy^ics at Clifion College. With numerous Wood- 
cuts and Numerical Examples and Exercises. iSmo. 41. 6d. 

«4rlt. Hit itvfiryiDleUiKiblfl, well arrjuigad. Hid poclicot lluougbooL"— 

PHYIIOAI. OEOaKAPHY. 

ELEMENTAR V LESSONS IN PHYSICAL GEO- 
GRAPHY. By A. Gmkii, F.R.S., Director- Genera of 
the GeoloEicfll Snivey. With numerous Illustrations. Fcap, 
Svo. \s. &/. 
QUESTIONS ON THE SAME. I/. M. 

QEOLOGV. 

ELEMENTARY LESSONS IN GEOLOGY. By the 
same Author. {In priparalieti. 

GBOOR&PHT, 

CLASS-BOOK OF GEOGRAPHY. ByC. B.Clarkb, M.A.. 
F.L.S., F.G.S. New Edition, with Eighteen Coloured Ma[,<. 
Fcap. 8vo. 31. 

H&TUBAIt PHILOBOFHT. 

NATURAL PHILOSOPHY FOR BEGINNERS. By 
I. ToDBUNTKR, M.A„ F.R.S. Put I. The Tropetties of 
Solid and Fluid Bodies. iSmo. 3J. 6dL 
Part IL Sound. Light, and Heat. iBroo, y. 6d. 

KOnjkli PUILOSOPBY. 

AN ELEMENTARY TREATiSE. By Prof. E. Caikd, 
of Glasgow University. [/« prtfaraHon. 
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BIAMBNTARY CJmAMB BOOKS CoffHnmi— 

BItECTRICITY AND MAOMETISM. 

ELEMENTARY LESSONS IN ELECTRICITY AND 
MAGNETISM, By Prof. Silvanus P. Thompson, of Uni- 
versity Coll^;e, Bristol. With lUastrations. Fcap. 8vo. 4r. 6d, 

SOUND. 

AN ELEMENTARY TREATISE, By W. H. Stonk, 
M.B. With ninstntioiis. xSnux y,6d. 

PilYCHOIiOOY. 

ELEMENTAR Y LESSONS IN PSYCHOLOG Y. By G. 
Groom Robertson, Professor of Mental Philosophy, &c., 
University Collq;e, London. [In preparation 

AQB.1CUI.TVKE — ELEMENTS OF AGRICULTURAL 
SCIENCE, By H. Tanner, F.C.S., Professor of Agricultural 
Science, UAiversity College, Abcrystwith. Fcap. 8vo. 3^. 6</. 

ECONOMICS— r-^^ ECONOMICS OF INDUSTR K By A. 
Marshall, M.A., late Principal of University Collie, Bristol, 
and Mary P. Marshall, late Lecturer at Newnham Hall, 
Cambridge. Extra fcap. 8vo. 2s, 6d. 

"The book is of sterling value, and will be of great use to students and 
teachers." — AxHENiEUM. 

Others in Preparation, 

MANUALS FOR STUDENTS. 

Crown 8vo. 

COaSA— GUIDE TO THE STUDY OF POLITICAL 
ECONOMY, By Dr. LuiGi CossA, Professor in the 
University of Pavia. Translated from the Second Italian 
Edition. With a Preface by W. Stanley Jevons, F.R.S. 
Crown 8vo. 4J. (yd, 

DYER AND -^WHSM—THE STRUCTURE OF PLANTS, By 
Professor Thiselton Dybr, F.R.S., assisted by Sydney 
Vines, B.Sc, Fellow and Lecturer of Christ's Collie, 
Cambridge. With numerous Illiistrations. \In prtparation,. 

PAWCBTT— -4 MANUAL OF POLITICAL ECONOMY. 
By Right Hon. Henry Fawcett, M.P. New Edition, 
levised and enlarged. Crown 8vo. its. 
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HANT7AI.S FOK STUDENTH CoHlinuid— 

FliBiaOHSK— ^ SYSTEM OF VOLUMETRIC ANALY- 
SIS. Triniilatcd, with Notes and Additions, from the second 
Gemuin EiJition, by M. M. Pattisos Muik, F.R.S.E. With 
Illustrations. Crown Svo. is. 6d. 

^LOWEK {W. n.)— AN INTRODUCTION TO THE OSTE- 
OLOGY OF THE MAMMALIA. Being the substance of 
the Course of Lectures delivered at the Royni CoIl^;e of 
Surgeons of England in 1S70. By Professor W. II. FljJwlR, 
F.R.SqF.R.C.S. With numerous lUustratioiu. NewEdition, 
enlaised. Crown 8to. ioj. 6d. 

AND ■BKL.roVB.-PFACTJCAL EMBRYOLOGV. 
■Br Michael Foster, M.A,, F.R.S., and F. M. Balfour, 
F.R.S. Second Edition, rcvined and enlarged. 

\In preparation. 

rOBTBB mnd LAKaLET— ..4 COURSE OF ELEMENTARY 
PRACTICAL PHYSIOLOGY. By MlCH*nL FosTEd, 
M.D.. F.R.S., and J. N. Langlet, B.A. New Edition, 
CiDwn Sto. G>. 



aeOKBR— 7-.ff£ STUDENT'S FLORA OF THE BRITISH 
ISLANDS. By Sir J. D. Hooker, K.C.S.I., C.B., F.R.S., 
M.D.. D.C.L. NewEtlitlon, revised. Globe Svo. lar. &/. 

avxi.EY— PHYSIOGRAPHY. An Introduction to theStndy of 
Nature. By Professor HiniLEV, F.R.S. With nucoCTOiu Illus- 
trations, and Coloured Pkta. Third and Cheaper Edition. 
Crown Svo. 61. 

HDXLBY KDd MAUriN—A COURSE OF PRACTICAL 
INSTRUCTION IN ELEMENTARY BIOLOGY. By 
Professor HuxLEV, F.R.S., assisted by H. K. Maktin, M.B., 
D.Sb New Edition, revised. Crown Svo. 6r, 

IBVONB—THE PRINCIPLES OF SCIENCE. A Treatise 
on Logic uid Scientific Mathod. By Professor W. Stanley 
Jkvoms, LL.D., M.A., f.R-S. New and Revised Edition. 
Crown Svo. tv. 6tL 

STUDIES IN DEDUCTIVE LOGIC. By Professor 
W. Stanley JEVOS5, LL.L)., M,A., F.lt.S. Crown Svo. 61, 
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MANUAIiS FOR STUDENTS ConHmud-^ 

KENNEDY — MECHANICS OF MACHINERY. By 

A. B. W. Kennedy, M. Inst. C.E., Professor of Engineerii^ 

and Mechanical Technology in UniTersity College. London. 

With Illastrations. Crown 8vo. [/if the press, 

KIEPERT— ^ MANUAL OF ANCIENT GEOGRAPHY. 

From the German of Dr. H. Kiepert. Crown 8ya 5^. 

OlMtyrBRiPTOtenuorh-FIRSTBOOHrOFINVIAN BOTANY 
By Professor Daniel Oliver, F.R.S., P.L.S., Keeper of 
the Herbarium and Library of the Royal Gardens, Kew. 
With numerous Illustratiotts. Extra fcap. 8to. 6r. 6d, 

PARKER—^ COURSE OF INSTRUCTION IN ZOOTOMY 
(VERTEBRATA), By T. Jef5R£Y Parker, B.Sc. Lond., 
Professor of Biology in the University of Otago. With Illus- 
trations. Crown 8vo. [In the press, 

PARKER and BETTANY— T'^iS MORPHOLOGY OF 
THE SKULL, By Professor Parker and G. T. Bittany. 
Illustrated. Crown 8vo. lOf. (id, 

no^lJXnOH — TREATISE ON MARINE SURVEYING, 
By Rev. John L. Robinson, Chaplain and Instructor in the 
Royal Naval College, Greenwich. With Illustrations. Crown 
8vo. [In the press, 

SMITH, ADAM— THE WEALTH OF NATIONS. By 
Adam Smith. Edited wth Notes, &c., for the Use of 
Students, by W. Stanley Jevons, LL.D., M.A., F.R.S. 
Crown 8vo. [In preparation, 

T AIT— AN ELEMENTARY TREATISE ON HEAT. By 
Professor Tait, F.R.S.E. Illustrated. [Intkepreu. 

tUlMU— ANTHROPOLOGY. An Introduction to the Study of 
Man and Civilisation. By E. B. Tylor, D.C.L., F.R.S. 
With numerous Illustrations. Crown 8vo. *js, 6d 
Other volumes of these Manuals will follow. 

SCIENTIFIC TEXT-BOOKS. 

BA^I-roUR— ^ TREATISE ON COMPARATIVE EMBRY- 
OLOGY, By F. M. Balfour, M.A., F.R.S., Fellow and 
Lecturer of Trinity College, Cambridge. With Illustrations. 
In 2 vols. 8vo. i8x. each. 



lOIBNTiriO TBXT-BOOKV CoMtiHU^— 

BALI. (K. a., KM.)^EXPBS!MF.NTAL MECHANICS. A 
Course of Lectures delivered at the Royal College of Science 
for Ireland. By R. S. Ball, A.M., Professor of Applied 
MB.theniatics and Mechanics in the Royal College of Science 
for Ireland. Cheaper Issue. Royal Sto. IOi. bii. 

BRUNTON — ^ TREATISE ON MATERIA MEDICA. 
By T, LAUDEk 13KUNro.-j, M.D., F.R.S. 8vo. 

[/« preparation. 

Ci^v*tXia~MECHAmCAL THEORY Of- BEAT. By li. 
Clausius. Translated by WaltkhR. Browne, M.A., late 
Fellow of Trinity College, Cambridge. Crown 8vo. loj. &/. 

OOTTBRILI.-^ TREAlIiE U.V APPLIED MECHAN- 
ICS. By James Cottescll, M.A.. F.R.H., ProfesBoi of 
Applied Mechanics at the Royal N&val College, Greenwich. 
With Illustrations. 8«). [In preparation. 

DANIBLL— .^ TREATISE ON PHYSICS FOR MEDICAL 
STUDENTS. By Alfrbd Daniell. With Illustrations. 
8vo. {Ill proration. 

WOWTB.'W^—A TEXT-BOOK OP PHYSIOLOGY. By Michakl 
FosTiK, M.D., F.R.S. With UlustratioiiB. Third Edition, 
revised. Sto. a\i, 

OAMSEB— -< TEXT-BOOK OF THE PHYSIOLOGICAL 
CHEMISTRY OP THE ANIMAL BODY. Including on 
account of the chemica! changes occurring in Disease. By 
A. Gamgek, M.D., F.R.S., Professor of Physiology in the 
Victoria University the Owens Colleire, Manchester, i Voh. 
8vo. Witb lUastrntiDiis. Vol. 1. iSi. 

\Vot. n. iitlhifrtss. 

aKOKK-BAUU— ELEMENTS OP COMPARATIVE ANA- 
TOMY. By Professor CARL Gegenbaub. A Tran-Rlalioo by 
F. JEFFRBV Bbll, B.A. Revised with Preface by Professor 
E. Rav Lankestrr, F.R.S. With numcroui Illustration!!. 
8vo. t\s. 

SBX-RVn— TEXT-BOOK OF GEOLOGY. By AnciriBALD 
GbllKlE, F.K.S., Director-General of the Gcolt^tcal Survey. 
lumerons invislrations. 8vo. \Tn Ihc pc<!. 
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SCIENTIFIC TEXT-BOOKS Continuid. 

aBJLH— STRUCTURAL BOTANY, OR ORGANOGRAPHY 
ON THE BASIS OF MORPHOLOGY. To which are 
added the principles of Taxonomy and Phytography, and a 
Glossary of Botanical Terms. By Professor Asa Gray, 
LL.D. 8vo. lor. 6d, 

HAMII.TON— ^ TEXT-BOOK OF PATHOLOGY. By D. 

T. Hamilton. 8vo. [/« preparation, 

MVImLIBR— THE FERTILIZATION OF PLANTS BY 

INSECTS. By Hermann Muller. Translated by W. 

D'Arcy Thompson, with Preface by Charles Darwin. 

8 vo . [/« preparation . 

fX-BWe^VLB—POPULAR ASTRONOMY, By S. Newcomb, 

LL.D., Professor U.S. Naval Observatory. Widi 112 Bins- 

tratioBS and 5 Maps of the Stars. 8vo. iSf. 

" It is tmlike anything else of its kind, and will be of mere use In dr- 
eobiting a knowledge of astronomy than nine-tenths of the booki whjdi 
have appeared on ue sutject of late ytax%,**~^aiurdaf Reviem, 

nvuiMBAV^ ^ THE KINEMATICS OP MACHINERY, 
Ontliiies of a Theory of Madiines. By Professor F. Rbulxaytx. 
Translated and Edited by ^Professor A. B. W. Kxnnxdy, 
C.E. V^th 450 ninstrations. Medium 8vo %u, 

ROSCOX and SCHORIiBMMBR — INORGANIC CHEMIS- 
TRY. A Complete Treatise on Inorganic Chemistry. By 
Professor H. E. Roscoe, F.R.S., and Professor C Schor. 
LEMMER, F.R.S. With nnmerons Illustrations. Medium 8vo. 
Vol. I.— The Non-Metallic Elements. 2ij. Vol. II. Part I.— 
Metals. i8x. Vol. II. Part II.— Metals. i8j. 
Vol. III.— ORGANIC ^ CHEMISTRY. Part I.— THE 
CHEMISTRY OF THE HYDROCARBONS ; and their 
Derivatives or ORGANIC CHEMISTRY. With numerous 
Illustrations. Medium 8vo. 21 j. [Part //. in the press, 

8CHORI.BMMER— y^ MANUAL OF THE CHEMISTRY OF 
THE CARBON COMPOUNDS, OR ORGANIC CHE- 
MISTRY, By C. SCHORLEMMER, F.R.S., Professor of 

Chemistry in the Victoria University, the Owens College, 
Manchester. With Illustrations. 8vo. 14J. 

SMITH-#^^ DICTIONARY OF ECONOMIC PLANTS. By 
Joh#Smith. 8vo, [7**^^ ready. 
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SCIENTIFIC TBXT-BOOKS Centinutd— 

THOttPB AND RtJCKBR— ^ TREA TISE OjV CHEMICAL 
flfVSICS. By Professor Thokpb, F.R.S,, ind Profeasrar 
ROcKttR, of the Vorksbjre College of Science. lUnstrated. 
8vo. [Jn fireparalion. 

ZIBGLBK— MACALISTBR— T'f.VT' BOOK OF PAl HO- 
LOCICAL ANATOMY. By Ernst ZieGLSB of Ziirich. 
Translated and Edited by Donald MacAlijtek, M.A., 
D.Su., Fellow of St. John's College, Cambfidje. 8vo, 

[/» preparation. 

NATURE SERIES. 



Itlus 



Second Edil 



Crowi 



.. (id. 



THE OKJGIN AND METAMORPHOSES OP INSECTi. 
B7 Sir John Li;bbock, !^P,, F.R.S.. D.C.L. With nume- 
rous lUuEtrations. Second Edition. Ciown 3vo. 31. 6^. 

THE TRANSIT OF VENVS. B7 G. Foauas, M.A., i'lo- 
resEor of Naniral Philosophj in the Aodeisoniaii University, 
Gloigow, llluitrated. Crown 8yo. 31, bd, 

THE COMMON FROG. By St. Gkorgi Mivabt, F.R.S, 
Lecturer in CompaMtive Automy it St Matyj Hospital 
With numeratu lllugtratlons. Crown 8vo. y. id. 

POLARISATION OF UGHT, By W. Spottiswoode, P.R.S.. 
With many Illustrations. Second Edition. Crown 8»o. y. hil. 

ON BRITISH WILD FLOWERS CONSIDERED IN RE- 
LATION TO INSECTS. By Sir John Lubbock, M.P., 
F.R.S. With numerous Uluatralions. Iiecond Edition. Cmwn 
8vo. 4r. bd. 

THE SCIENCE OF WEIGHING AND MEASURING, AND 
THE STANDARDS OF MEASURE AND WEIGHT. 
By H. W. Chisholm, Warden of the Standards. Witb 
nnmerouE lUustntions. Croivn Sto. V- ^• 

HOW TO DRAW A STRAIGHT LINE: 1 Lecture on Lint- 
■gea. ByA. B. Kkmfk. With lUustrations. Crown 8*0. u. 61^, 

LIGHT: a Series of Simple, Entertaining, and Inexpensive Expe- 
riments in the Phenomena of Light, for the Use ai Students of 
every age. By A. M. Mavir and C. Barnard. CiownSvo, 



^^m with numeroos 



Illustrations, u. 6d. 
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19ATUBB SBRies ConHuned-^ 

SOUND : a Series of Simple, Entertaining, and Inexpensive Ei* 

periments in the Phenomena of Sound, for the use of Students 

of every age. By A. M. Mayer, Professor of Physics in 

the Stevens Institute of Technology, &c. With numerou 

Illustrations. Crown 8vo« ^, 6d, 
SEEING AND THINKING. By Professor W. K. Clifford. 

F,R.S. With Diagrams. Crown Svo. y.fid, 
DEGENERATION By Prof. E. Ray Lankester, F.R.S. 

With Illustrations. Crown Svo. 2j. 6</. 
FASHION IN 1>EF0RMITY, as Illustrated in the Customs of 

Barbarous and Civilised Races. By Prof. Flower, With 

Illustrations. Crown Svo. 2j. 6^. 
ON THE COLOUR OF FLOWERS. By Grant Allen. 

With Illustrations. Crown Svo. [In prepctration. 

Other volumes to follow. 

EASY LESSONS IN SCIENCE. 

Edited by Prof. W. F. Barrett. Extra fcap. Svo. 

HBA T, By Miss C. A. ^CarTineau. Illustrated. 2s. 6d. 
LIGHT. By Mrs. Awdry. Illustrated, zr. td. 
ELECTRICITY, By Prof. W. F. Barrett. [In trtparatym. 

SCIENCE LECTURES AT SOUTH 
KENSINGTON. 

VOL. I. Containing Lectures by Capt Abney, Prof. Stokes, 
Prof. Kennedy, F. G. Bramwell, PtoC G. Forbes, H. C. 
SoRBY, J. T. BoTTOMLEY, S. H. ViNES, and Prof. Carey 
Foster. Crown Svo. 6j. 

VOL. II. Containing Lectures by W. Spottiswoode, P.R.S., 
Prot Forbes, Prof. Pigot, Prof. Barrett, Dr. Burdon- 
Sanderson, Dr. Lauder Brunton, F.R.S., Prof. Roscos, 
and others. Crown Svo. 6f. 

MANCHESTER SCIENCE LECTURES 
FOR THE PEOPLE. 

Eighth Series, 1S76-7. Crown Svo. Illustrated. &/. each. 

WHAT THE EARTH IS COMPOSED OF. By Profe«or 
RoscoE, F.R.S. 

THE SUCCESSION OF LIFE ON THE EARTH. By 
Professor Williamson, F.R.S. 

WHY THE EARTH'S CHEMISTRY IS AS IT IS. By 
J. N. LOCKYER, F.R.S. 

Also complete in One Volume. Crown Svo. doth. 2s. 
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MX,-EKJMJiKS.— ELEMENTARY APPLIED MECHANICS; 

being the simple and more practical Cases of Stress and Strain 

wrought out individually from first principles by means of 

Elementary Mathemalics. By T. Alexandbr, C.E. , Professor 

of Civil Enpneering in the Imperial College of Engineering, 

Tokei, Japan. Crown 8vo. 4J, 6rf. 

VBTSKvrt.— FIRST LESSONS IN PRACTICAL BOTANY. 

By G. T. DfTTANV, M.A., F.L.K., Lecturer in Botany at 

Guy's Hospital Medical School. iSmo. u, 

BLANPOBD— r//£ RUDIMENTS OP PHYSICAL GEO- 

GSAPIIYFOR THE USE OF INDIAN SCHOOLS; with 

^^ aGlosiaiyofTechnicalTermsemployed. ByH. F. BtjiNFOKD, 

^L F.R.S. New EditioD, with Illustrationi. GlobeSvo. s>. &/. 

^RbRBTT— fA773 AND PHYSICAL CONSTANTS. By 

^f J. D. EVKRKTT, F.K.S., Professor of Natural Philosophy, 

Queen's College, Belfast. Eitia fcap. Svo, 41. f^. 

as.HtlK.—OUTLlNES OF FIELD GEOLOGY. By Prof. 

Gbikie, F.R.S. With Illustrations. Extra f dp. 8vd. 31. &/. 

lUkXm^lJlin^BLOlVPIPE ANALYSIS. By J. Landauer. 

Aulhoriaed English Edition by J. TAYLOR and W. E. Kay, of 

Owens College, Manchester. Exira fcap. 8vo. 4/. 6d, 

vnn— PRACTICAL CHEMISTRY FOR MEDICAL STU- 

DENTS. Specially irranged for the first M.B. Course. By 
M. M. Pattison Muik, F.R.S.E. Fcap. 8vo. 1/. 6d. 

WKBMVXIOK— OUTLINES OF PHYSIOLOGY IN ITS 
RELATIONS TO MAN. By J. G. M'Kemdsick, M.D., 
F.R.S.E. With niustrationi. Crown Svo. lai. &/, 

UXKU,— STUDIES IN COMPARATIVE ANATOMY. 

No. I.— The Slcull of the Crocodile : > Manual for Students. 
By L. C. MlALL, Professor of Biology in the Yorkshire College 
sad Curator of the Leeds Maseum. Svo. 3J. 6J, 
No. IL—Anatomy of the Indian Elephant. By L. C. MlALL 
■nd F. Gkeenwoop. With Illustrationi. Svo, 

S HJLStt—AN ELEMENTAR Y TREA TISE ON HE A T, IN 
RELATION TO STEAM AND THE STEAM-ENGINE. 
By G. Shank, M.A, With nitutration*. Crown Svo. 41. CA 
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TAMmK—FI/iST PklNCIPLES OF AGRICULTURE. By 
H. Tanner, F.C.S., Professor of Agricultural Sdence. 
University College, Aberystwith, &c i8mo. u. 

THE PRINCIPLES OF AGRICULTURE: a Series of 
Reading-Books for use in Elementary Schools. Prepared by 
Professor Tanner. Extra fcap. 8vo. 

I. The Alphabet of the Principles of Agriculture. 6dl . 
II. Further steps in the Principles of Agriculture. \s, 

ELEMENTS OF AGRICULTURAL SCIENCE. Fcap. 
8vo. 3J. 6d. 

wntamT—JkrETALS ANL> their chief industrial 

APPLICATIONS. By C. Aldbr Wright, D.Sc., &c. 
Lecturer on Chemistry in St Mary's Hospital Mediod School. 
Extra fcap. 8vo. 3^ . 6^. 

HISTORY. 

KKKOIm-D-THE ROMAN SYSTEM OF PROVINCIAL 
ADMINISTRATION TO THE ACCESSION OF CON- 
. STANTINE THE GREAT. By W. T. Arnold, B.A. 
Crown 8vo. 6s, 

" Ought to prove a valuable handbook to the student of Roman 
history. — Guardian. 

UWLSImYS TORIES FROM THE HISTORY OF ROMM. 

3y Mrs. BsESLY. Fcap. 8vo. 2s. Sd. 

** The attempt appears to us in every wav successful. Tlie stories are 
interesting^ in themselves, and are told witn perfect simplicity and ^ood 
feeling." — Daily News. 

BtLOOK— FRENCH HISTOR YFOR ENGLISH CHILDREN- 
By Sarah Brook. With Coloured Maps. Crown 8vo. dr. 

PRBEMAN (EDWARD K.)— OLD-ENGLISH HISTORY. 
By Edward A. Freeman, D.C.L., LL.D., late Fellow 6f 
Trinity College, Oxford. With Five Coloured Map^ New 
Edition. Extra fcap. 8vo. half-bound. 6s. 

ORBEN— >tf SHORT HISTORY OF THE ENGLISH 

PEOPLE. By John Richard Green, M.A., LL.D. With 

Coloured Maps, Genealogical Tables, and Chronological 

Annals. Crown 8vo. &r. 6d. Eightieth Thousand. 

" Stands alone as the one general history of the country, for the take 
of which all others, if young and old are wise, will be speedily and surtly 
set aside."— Acadbmy. 



QREEN Conlimud-^ 

JiEADlNCS FROM ENGLISH HISTORY. Selected 
and Edited by John Richard Grb»n, M.A., LL.D., 
Honorary Fellow of Jesus CoDege, Oxford. Three Parts, 
Globe 8»o. IJ. W. each. 1. Hcngist to Cressy. IL Cres=y 
to Cromwell. HI. Cromwell to BaJaklava. 

aVBVT—LECTURES ON THE HISTORY OF ENGLAND. 
By M. J. GnEST. With Maps. Crown 8yo, 61. 

BISTOBtOAI. GOUSSB FOR ■ CHOO La ~ Edited by 
Edward A. Frekman, D.C.L,, kte Fellow of Trinity 
CoUege, Oxford. 

L GENERAL SKETCH OF EUROPEAN HISTORY. 
By Edward A. Freeman, D.C.I„ New Edition, revised 
and enlarged, with Chronological Table, Maps, and Index. 
iSmo. dotli. 31. bd. 

Thiichcaisisui uuUcnl one. and Ihit iaKalioect hu b«nu«Dl«l id 
a luy ihBt tmnitst much for Iha voliuao thai m rsl M appeir."— 

II. HISTORY OF ENGLAND. By Edith Thompson. 

New Edition, revised and enlarged, with Coloured Mapi. iSmo. 

IIL HISTORY OF SCOTLAND. By Margaret 
Macarthur. New Edition. iSnio. 3/, 

"Aneicdl^l lummnry, ntilinpachBble u to hcU. and putlipE ihem 
in tlicdeaieiiandiaoMiBiinilial lighl ntlainnblo,-— DUAMnAM. 
IV. HISTOR V OF ITAL Y. By the Re». W. Hunt, M.A. 
iSmo. y. 

KiupuloiwaH about Sdcliiy in dtlaili . . . Ii is dislinguislied, too, by 
:_«■ ri ,., nrdutKiure. and »ciiil poliiio. inwhith thnwriwi 



^l^" 






V. HISTORY OF GERMANY. By J. SiMB, M.A. 
l8mO. %s. 

siorr oF Gonany. Its etCAt 

deol, boi nnni ikiJFUU)' woven 



iitktbly elui and i 
«ri«lTl.eplii.rMU= 
not (xAy subordui«14 



VI. HISTORY OF AMERICA. 
With Maps. iSmo. 4J. 6a. 
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HISTOaXCAIf COURSB FOR 8CHOOI«S ConHnuid— 

EUROPEAN COLOMES. By E. J. Payne, M.A. With 

Maps. iSmo. ^. 6d, 

** We have seldom met «ith an nistorum capable o£ fonning a man 
eomprd>ensiTe, &r-seetng, and unprejudiced estimate of cveott and 

Seoples, and we can commend this httk work as one certain to' proya of 
le highest interest to all thoughtful readers.'*— Timks. 

FRANCE. By Chaillottk M. Yongs. With Maps. iSmo. 

" An admirable text-book for the lecture room."— >Acu>bmy. 

GREECE. By Edwaed A. Frsbman, D.C.L. 

ROME. By Edward A. Freeman, D.C.L. [/» the prat, 

BISTORY PRIMBRS— Edited by JOHN RiCHARD GRBEM. 
Author of ** A Short History of the English People." 

ROME. By the Rev. M. Creighton, M.A., late Fellow 
and Tutor of Merton College, Oxford. With Eleven Maps. 

"The author has been curiously successful in telting in an intdfr 
gent way the story of Roaie tfoas first to last."— School Boaro 
Chkoniclb. 

GREECE, By C. A. Fyffe, M.A., Fellow and late Tutot 

of University College, Oxford. With Five Maps. i8mo. ii. 
"We give our unqualified praise to this little manuaL"— ^Scnoot* 

MASTBK. 

EUROPEAN HISTORY. By £. A. Freeman, D.C.L., 

LL.D. With Maps. i8mo. u. 

*' The work is always dear, and Corsu a lwninou« key to BinopeaB 
history."— Scxooi. Boakd Chroniclb. 

GREEK ANTIQUITIES. By the Rev. J. P. MAHAnnr, 

M.A. Illustrated. i8mo ix. 

" All that is necessary for the scholar to know is told so coaspacfly yst 
so fully, and in a style so interesting^ that it Is impossible fior even the 
dullest boy to look on this little work in the saae light as he regards his 
other school books. "— Schoolmastbx. 

CLASSICAL GEOGRAPHY. By H. F. Tozer, M.A. 

i8ma u, 

** Another valuable aid to the study of the ancient world. ... It 
contuns an enorwous quantity of tnforaiation padced into a small space, 
and at the tame time communifated b a very readable shape **— Jom Butx. 

GEOGRAPHY. By George Grove, D.C.L. With Maps. 
iSxno. I J. 

** A model of what such a #ork should be .... we know o( no sKon 
treatise better suited to inftise life and spirit bto the dull lists of proper 
names of which our ordinary elass>books so oftaa alasost eaaetasively 
consist. "•— Tinas. 



niSTOaY PMIMBKS ConHmud^ 

SOMAN ANTIQUITIES. By Pn>ressor WlLKlNS. 






FRANCE. By Charloitr M. Vonck. iSino. 



RIVIK 



if thet 



EnLihlc-'—SAI 



In prepusdon : — 
ENGLAND. Bj J. R. Gmin, M.A. 

I.BTHBRIDGI1— ^ SHORT MANUAL OF THE HISTORY 
OF INDIA. Wiih an Acconnl oF India as it is. The 
Soil, CliTnale, and Productions; the PeoplE, their Races, 
Keligions, Public Works, and Industries ; the Civil Services, 
and System of AdminLstration. By ROFBR Lethbkidre, 
M.A., C.I.E., late Scholar of Exeter College, Oiford, formerly 
Principal of Kislinngliur College. Bengal, Fellow and sometime 
Eiamincr of the Calcutta Univer^iily. With Maps. Crown 
8*0. 5/. 

HICHBLBT— << SUMMARY OF MODERN HISTORY. 
Translated from the French of M. Micrelbt, and continued to 
the Present Time, by M. C. M. Simpson. Globe 8va 41. &/. 

tyrtii—SCANDINAVIAN HISTORY. By E. C Orri. 
With Maps. Globe Svo. bi. 

VKTJIA—FIC2URES OF OLD ENGLAND. By Dr. R. 
Pauli. Tramlated with the sanction of the Anthoi by 
E. C. Orri. Cheaper Edition. Crown Sto. 6t. 

SAMBAY—.'J SCHOOL HISTORY OF ROME. By G. G. 
Kamsav, M.A., Professor of Hummity in the University of 
Glasgow. With Mips. Crown Svo. [/« prtparalign. 

TAVT— ANAL rsiS OF ENGLISH IIISTOS Y. based on Green'a 
" Short History of the English People." By C. W. A. Tait, 
M.A., Assistant -Master, Clifion College, Crown 8vo. 31, 6rf. 

WHBELEK— ^ SNORT HISTORY OF INDIA AND OF 
THE FRONTIER STATES OF AFGH.-i.\'lSTAN. 
NEPAUL, AND BURMA. By J. Talbovs WHULBfi. 
i^With Maps. Crown St.). \zs. 
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TONOB (OHARIiOTTB m.)—A PARALLEL HISTORY OB 
FRANCE AND ENGLAND : consisting of Oatlines tnd 
Dates. By Chaklottx M. Yongx, Author of " The Hdr 
of Reddyffe," &&, &c. Oblong 4to. y. 6d. 
CAMEOS FROM ENGLISH HISTORY. —YKGVL 
ROLLO TO EDWARD n. By the Author of << The Hdr 
of Reddyffe." Extra leap. 8yo. New Edition. 5/. 
A SECOND SERIES OF CAMEOS FROM BNGUSR 
HISTORY'-TIL^ WARS IN FRANCE. New EditioD. 
Extra fcap. 8vo. 5^. 

A THIRD SERIES OF CAMEOS FROM ENGUSR 
^/^T-O^r— THE WARS OF THE ROSES. New Edition. 
Extra feap. 8vo« ^j. 

A FOURTH SERIES^REFOKhiLATlON TIMES. Extra 
Fcap. 8vo. 5j. 

EUROPEAN HISTORY. Namted in a Series or 
Historical Sdections from the Best Authorities. Edited and 
arranged by E. M. Sswbll and C. M. Yongx. Furst Series, 
1003— 1 154. Third Edition. Crown 8vo. 6s. Second 
Series, 1088^1228. New Edition. Crown 8Ta St. 

DIVINITY. 

*«* For other Works by these Authors, see Theological 

Catalogue. 

iOIBOTT (REV. B. A,)^BIBLE LESSONS. By the Re?. 

E. A. Abbott, D.D., Head Master of the City of London 

SchooL New Edition. Crown 8vo. 4J. 6d. 

'* Wise, saggesthre, and reaUy profound initiatioD into religkms thougbt " 

— GUASDIAN. 

ARNOIiD— i4 BIBLE-READING FOR SCHOOLS^-THE 
GREAT PROPHECY OF ISRAEL'S RESTORATION 
(Isaiah, Chapters xL — hen,). Arranged and Edited for Young 
Learners. By Matthbw Arnold, D.C.L., formeriy 
Professor of Poetry in the University of Oxford, and Fellow 
of OrieL New Edition. i8ma. doUi. is. 
ISAIAH XL.—LXVL Witii the Shorter Prophecies allied 
to it Arranged and Edited, with Notes, by Matthew 
Arnold. Crown 8vo. 5j. 

CHBSTHAM— i4 CHURCH HISTORY OF THE FIRST 
SIX CENTURIES. By the Yen. Archdeacon Chibt- 
HAM. Crown Sva {In the press* 



CVKTBia~M^ JVI//IL OF THE TIHRTV-NINE AR- 
TICLES. By a H. CvsTEls, M.A., Piincipal of the 
Lichlieltl Theological College. [In priparaHon. 

aASKOlH—TSE CHILDREN'S TREASURY OF BIBLE 
STORIES. By Mrs. Herman Gaskoin. Edited with 
Pre&cebytlie Rev. G, ¥. Maclear, D.D. Part I.— OLD 
TESTAMENT HISTORY. iSiiio \s. PART II,— NEW 
TESTAMENT. iSmo. u. Part III.— TI!E APOSTLES : 
ST. JAMi^S THE GREAT, ST. PAUL, AND ST. JOHN 
THE DIVINE. iSmo. u. 

eOIiDBN TRBASURT P8ALTBB— Students' Edition. Beitlg 
an Edition of "The Psalms Cbionolc^icallf Arranged, bj 
Four Friends," with briefer Notes. l8mo. 3/, id. 

GBEEK TBBTAMSMT. Edited, with Introduction and Appeo- 
dices, by Caj<on Wsstcott and Dr. F. J. A. Hort. Twc 
VoK Crown Sto. 101. 6d. e.ich. 
Vol, I. The Test. 
Vol. II. Ill trod uction nnd Appeiidin, 

HARmviCK- Works by Archdeacon Hardotick. 

A HISTORY OP THE CHRISTIAN CHURCH. 
Middle Age. From Gregory the Great to the Excotnauiii- 
calionof Lnther, Edited by William Stubbs, M.A., Regius 
Professor of Modem History in the Univeisity of Oiford. 
With Four Maps. Fourth Edition. Crown Svo. tor, &d. 
A HIS7 DRY OF THE CHRISTIAN CHURCH TURING 
THE REFORMA TION. Fcutth Edition, Edited by Pro- 
lessor Stubbs. Crown Svo. loi. dd. 

tLlKO-CHURCH HISTORY OF IRELAND. By Ihe Re> 
Robert Kino. New Edition. 8 vols. Crown Svo. 

[/• prefaraliBn 

MAO LEAK— Works by the Rev. G. F. MaclEar, D.D., 
Warden of St. Augustine's Ccilcge, Canterbury. 
A CLASS-BOOK OP OLD TESTAMENT HISTORY. 
New Edition, with Four Maps. iSmo. <p. (>d. 

A CLASS-BOOK OF NEIV TESTAMENT HISTORY, 
including the Connection of the Old and New Testament. 
WUh Fa«r IfBp«. New Edition. iSnno. $s. 6J. 
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MACLBAR Continued- — 

A SHILUNG BOOK OF OLD TESTAMENT 
HISTORY^ for National and Elementazy Schooli. With 
Map. i8ma doth. New Edition. 

A SHILLING BOOK OF NEW TESTAMENT 
HISTORY, for National and Elementary Schools. With 
Map. i8mo. cloth. New Edition. 

These works have been carefoUy abridged firom the author's 
larger manuals. 

CLASS'S 00 IC OF THE CATECHISM OF THE 
CHURCH OF ENGLAND. New Ed. iSnio. doth. i«. M. 

A FIRST CLASS-BOOK OF THE CATECHISM OF 
THE CHURCH OF ENGLAND, with Scripture Pioofi» 
for Junior Classes and Schools. New Edidoii. ifao. Cdl 

A MANUAL OF INSTRUCTION FOR CONFIRMA* 
TION AND FIRST COMMUNION. WITH PR A YMRS 
AND DEVOTIONS. 32mo. cloth extra, red edges. «r. 

wnLVmc^—THE LORiyS PRA YER, THE CREED, AND 
THE COMMANDMENTS. Manual for Parents and School- 
mastenk To wfaidi is added the Order of the Scriptures^ By the 
Rev. F. Dbnison Maurics, M.A. i8mo. doth. limp. u. 

PROOTBR— ^ HISTORY OF THE BOOK OF COMMON 
PRAYER, with a Rationale of its Offices. By Francis 
Procter, M.A. Fourteenth Edition, revised and enlarged. 
Crown 8va los. 6d. 

PBOCTBR AND MAOJsBAM— AN ELEMENTARY INTRO- 
DUCTION TO THE BOOK OF COMMON PRA YER. 
Re-arranged and supplemented by an Explanation of the 
Morning and Evening Prayer and the Litany. By the 
Rev. F. Procter and the Rev. Dr. Maclrar. New 
and Enlarged Edition, containing the Communion Service and 
the Confirmation and Baptismal OiUces. iSmo. 2s. 6a. 

PSAIaMS OF DAVID CHBONOIiOOICAIiIiY AR&ANOBD. 
Bj Fonr Friends. An Amended Version, with Historical 
Introduction and Explanatory Notes. Second and Cheaper 
Edition, with Additions and Corrections. Or. 8va Sj; 6tL 



ViKKMKY—THECATECmSEieSMANUAL; or, IheChuKh 
Catechism Illustrated and Explained, for the Use of Clergy, 
men, SctiDolmasters, and Teachers. B; the Rev. Arthur 
Ramsay, M.A. New Edition. iSmo. \s. 6d. 

»ltliV»on— AN EPITOME OF THE HISTORY OF THE 
CHRISTIAN CHURCH. By William Simpson M.A. 
New EdJtJon. Fcap. Svu. 31. td. 

TBENOH— By R. C. TRENCH, D.D., Archbishop of Dublin. 
LECTURES ON MEDIEVAL CHURCH HISTORY- 
Being the lubatnnce of Lec'xires delivered at Queen's College, 
London. Second Edition, revi.'ed. gvo. rzi. 
SYNONYMS OF THE NEW TESTAMENT. Nimh 
Edition, levised, Svo. I3/. 

WB ST coTT— Works by Broqkb Foss Westcott, D.D., Canon 
of Pelerborough. 

A GENERAL SURVEY OF THE HISTORY OF THE 
CANON OF THE NEW TESTAMENT DURING THE 
fIRST FOUR CENTURIES. Fourth Edition. With 
Preface on "Supernatural Rcl^an." Crown Svo. loi. bd. 
INTRODUCTION TO THE STUDY OF THE FOUR 
GOSPELS. Fifth Edition. Crown 8vo. 101. td. 
THE BIBLE IN THE CHURCH. A Popular Accoont 
of the Collection and Reception of the Holy Scriptures in 
the Chrirtian Churchei. New Edition. iSmo, cloth, 

WBSTCOTT— HORT- THE NEIV TESTAMENT IN THE 
QEIGINAL GREEK. The TeM Revised by B. K. Westcott, 
D.D., Regius Professor of Divinity, Canon of Peterhorough, 
and F. ]. A. HoET, D,D., Hulsean Professor of Divinity; 
Fellow of Emmanuel College, Cambridge : lale FeUQws of 
Trinity Cnllcge, Cambr ill gc. 2 voL. Crowi Svo, Ioj.6rf. each. 
Vol. I. Text. 
Vol. II. Introduction nnd Appendix. 

vtXIMOH — THE BIBLE STUDENT'S GUIDE to the more 
Correct Understanding of the English Transla^on of the Old 
Testament, by reference to the ori^nal Hebrew. By William 
WiLSOK, D.D., Canon of Winchester, late Fellow of Qneen'i 
College, Oxford. Second EditioD, carefully revised. 410. 
cloth. 951. 
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YONQB (CHARI.OTTB VL.y-SCRIPTURE READINGS FOR 
SCHOOLS AND FAMILIES. By Charlotte M. Yongi. 
Author of "The Heir of Reddyflfe." In Five Vols. 

First Series. Genesis to Deuteronomy. Extra fcap 
8vo. 15, 6d, With Comments, 3x. &/. 

Second Series. From Joshua to Soloicon. Extra feap. 
, 8vo. Ij*. 6d. With Comments, .V* ^^ 
Third Series. The Kings and the Prophsts. Eztim fcap. 
8yo. is, 6d, With Comments, 31. 6d, 

FouBffH Series. The Gospel Times, u, 6d. With 
Comments, extra fcap. 8vo., Jf. 6tL 

Fifth Series. Apostolic Times. Extra fcap. 8yo. u, 6d 
With Comments, y. 6d. 

MODERN LANGUAGES, ART, ETC. 

ABBOTT—^ SHAKESPEARIAN GRAMMAR. An Attempt 
to illustrate some of the Differences between Elizabethan and 
Modem English. By the Rer. £. A Abbott, D.D., Heid 
Master of the City of London SchooL New Edition. Extra 
fcap. 8vo. 6s, 

AMT^^VL^OUt— LINEAR PERSPECTIVE, AND MODEL 
DRAWING. A School and Art Class Manual, with QnestioDS 
and txerdses for Examination, and Examples of Exanunation 
FapeR. By Laurence Anderson. With lUnstrations. 
Royal 8yo. zs. 

^hXtLWBL--FIRST LESSONS IN THE PRINCIPLES OP 
COOKING. By Lady Barker. New Edition. i8mo. is, 

BOVmJ9-FIRST LESSONS IN FRENCH, By H. COUR- 
THOf E Bowen, M.A. Extra fcap. 8vo. is. 

BBAUMARCH AI8— Z^ BARBIER DE SE VILLE. Edited, 
with Introduction and Notes, by L. P. Blouet, Assistant 
Master in St. Paul's School. Fcap. 8vo. Jj. &/. 

BERNERS— -F/iPiT LESSONS ON HEALTH. By J. Ber- 
NERS. New Edition. iSono. \s. 

BJmA.K.1STOVI—THE teacher. Hints on School Manage- 
ment. A Handbook for Managers, Teachers' Assistants, and 
Pupil Teachers. By J. R. Blakiston, M. A CroVn 8vo. 
2s, 6d, (Recommended by the London, Birmingham, and 

Leicester School Boards.) 

" Into a comparoiiively small book he has crowded a great deal of ex- 
ceedingly useful and sound advice. It is a plain, common-sense book, 
full of faints to the teacher on the manasemeal of his sdu>ol aiid hu 
children. — School Board Chroniclb. 
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BKBVUAMN — Works by HsRUAKH Bkbymamn, Ph.D,, Pro- 

fessot of Philology in the University of Munich. 

A FRENCH GRAMMAR BASED ON PHILOLOGICAL 

PRINCIPLES. Second Edition. Eslra fcap. 8vo. 41. &i 

FIRST FRENCH EXERCISE BOOK, liitra leap. 8vo. 

4^.60; 

SECOND FRENCH EXERCISE BOOK. Extra fcap. 8vo. 

Bltoa&^—MILTON: By SropFORD Brooke, M.A. Fcap. 

Svo. Ij. 61/. (Green's Classical Writers.) 
KtrSI.'BJt—HUDIBRAS. Pari I. Edited, with Introdnction 

«nd Notes, iiy Alfred Milnes, B.A. Crown Svo. 31. bd. 
CAM BRIDGE UNIVERSITY A1.MAMAOK AND RE 

SISTER POR laai, being the Twemy-Dinlh Year of 

I'ublicilion. Crown Mi-o. 31. bd. 
OH.i.1ie.KWoaa— HANDBOOK OF MORAL PHILOSOPHY. 

By the Rev. HaNRY Caldikwood, LL.D., Pnrfessor of 

Moral Philoaophy, Umvcrsity of Edinburgh. Sixth Edition. 

Crown Sto. 6t. 
OOI1LIER-.4 PRIMER OF ART. With lllu.t rations. By 

John Collisr. iSmo. is. 
OAKTB-rHS PURGATORY OF DANTE. Ediied, with 

Tmnslalion and Notes, by A. J. BtJTLER, M.A., late FelloB- 

of Trinity College, Cambridge. Crown Svo. I2j. W. 
DBfcAMOTTE— ^ BEGINNER'S DRAWING BOOK. By 

P. H. Dklamottk, F.S.A. ProEressivdy arranged. New 

Edition improved. Crown Svo. 31. hd. 
na.YDlSK~SELECT PROSE IVORHTS. Edited, with Intro- 
dnction and Notes, by Professor C. D. YONGE. Fcap. Svo. 

rA»fAOUT-THE ORGANIC METHOD OF STUDYINC 
LANGUAGES, By G. EugEne Fasnacht, Author of 
" Macoiillan's Progressive French Course," Editor " M:ic- 
millan's Foreign School CTasiicf," Ac. iixlra fcap. Svo. 
I. French, jj. fid. 

A FRENCH GRAMMAR FOR SCHOOLS. By the same 
Author. [lit frtfaratieu. 

TAWOKFT— TALES IN POLITICAL ECONOMY. By 
MlLLICBN'T GaikiTT FaWcktt. Globe Svo y. 
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riRAJBtOH—SCIfOOL INSPECTION. By D. R. Fkaron, 
M.A,, Assistant Commissioner of Endowed Schools. Third 
Edition. Crown 8vo. 2J. td, 

TKHUIllBLtOK.— HINTS TO HOUSEWIVES ON SEVERAL 
POINTS, PARTICULARLY ON THE PREPARATIOI^ 
OF ECONOMICAL AND TASTEFUL DISHES. By 
Mrs. Frederick. Crown 8vo. 2s. 6d. 

_ " This unpretending and useful little volume distinctly supplies a de- 
sideratum. .... The author steadily keeps in view the simple aim of 
' making every-day meals at home, particularly the dinner, attracdve,* 
without adding to the ordinary household expenses." — Saturday Review, 

QtJ^l^srrovilE^— SPELLING REFORM FROM AN EDU- 
CATIONAL POINT OF VIEW. By J. H. Gladstone, 
Ph.D., F.R.S., Member of the School Board for London. 
New Edition. Crown 8vo. is. 6d. 

QOlMl>SV£lTn—THE TRA VELLER^ or a Prospect of Society ; 
and THE DESERTED VILLAGE. By Oliver Gold- 
smith. With Notes Philological and Explanatory, by J. W. 
Hales, M.A. Crown 8vo. 6^. 

GOLDSMITH— 5^Z:i?Cr ESS A YS, Edited, with Introduction 
and Notej!, by Professor C. D. YoNGE. Fcap. 8vo. 

[In preparcLtion, 

QtVLMM-D'-aoviVLJ^— CUTTING-OUT AND DRESSMAKING. 
From the French of Mdlle. E. Grand'homme. With Dia- 
grams. i8mo. ij-. 

GBESN-^ SHORT GEOGRAPHY OF THE BRITISH 
ISLANDS. By John Richard Green and Alice 
Stopford Green. With Maps. Fcap. 8vo. 3^. 6d. 

The Tivies says : — " The method of the work, so far as real instruction 
is concerned, is nearly all that could be desired. ... Its great merit, in 
addition to its scientific arrangement and the attractive style su familiar 
to the readers of Green's Sfiort History is that the facts are so presented 
as to compel the careful student to think for himself . . . The work may 
be read with pleasure andiarofit by anyone ; we trust that it will gradually 
find its way into the higher forms of our schools. With this text-book as 
his guide, an intelligent teacher might make geo^japby what it really is— • 
one of the most interesting and widely-instructive studies." 

nAJURS—LONGER ENGLISH POEMS, with Notes, PhUo- 
logical and Explanatory, and an Introduction on the Teaching 
of English. Chiefly for Use in Schools. Edited by J. W. 
Hales, M.A., Professor of English Literature at King's 
College, London. New Edition. Extra tcap. Svo. 4x. 6d» 

HOLE— i4 GENEALOGICAL STEMMA OF THE KINGS 
OF ENGLAND AND FRANCE. By the Rcr. C. H0U6. 
On Sheet, u. 



IfWSOM'B LIVES OF THE POETS. The Sii Chief Lives 
(Hiltaa, Dryden, Swrift, Addison, Pope, Gray), with Macaulay'a 
"life of Johnson." Edited with Pteface bf Matthew 
Abnold. Crown 8vo. 6i. 
firaKA-niRii primers— Edited bj John Richard Guen. 
Author of " A Short Histoij of the English Feuple." 
ENGLISH GRAMMAR. By the Roy. R, Morris, LL.D,, 
lometime President of the Philologicsl Societj. iSmo. 
doth. ■>. 

SNGLISH GRAMMAS EXERCISES. By R. MoKiis, 
LL.D., uidH. C. BowEN, M.A. iSmo. ii. 
THE CHILDRElfS TREASURY OF LYRICAL 
POETRY. Selected luld aTTinged with Notes by FtANCls 
TuRNKK Faloravr. In Two Parts. tSmo. it. nch. 
ENGLISH LITERATURE. By Stopford Brooki, 
M.A. New Edition. iSmo. u. 
PHILOLOGY. By J. Piiut. M.A. iStno. i/. 
GREEK LITERATURE. By Professor Jkbb, M.A. tSmo. I/. 
SHAKSPERE. By Professor Dowsbn. iSmo. ii. 
HOMER. By the Right Hon. W. E. Gudstonc, M.P. 

ENGLISH COMPOSITION. By ProfesMT NiCHOL, iBmo. 

EXERCISES ON MORRIS S PRIMER OF ENGLISH 
GRAMMAR. By John Wkthekell, of the Middle 
School, Liverpool Cnltpge. iSmo. \s. 
Id preparation : — 

LA TIN LI7ERA TURE. By Professor Srblkv, 
HISTORY OF THE ENGLISH LANGUAGE. By 
J. A. II. MuRHAV. LL.D, 

SPECIMENS OF THE ENGLISH LANGUAGE. 
To llln^nile the above. By the staax Author. 
MAOMIbl^N'B OOpy-BOOKS— 
^^^Ublishcd in two si:^e^, vie : — 
^^^n I. Large VoA 4(0. Price 4/f. each. 

^^^^L 1. Post Oblong. Price ta. each. 

^^K INITIATORY EXERCISES &■ SHORT LETTERS. 
^^K WORDS CONSISTING OF SHORT LETTERS. 
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♦3. LOJ^TG LETTERS, With words containiiig Long 
Letters — Figures. 

♦4. WORDS CONTAINING LOITG LETTERS. 

4a. PRACTISING AND REVISING COPY-BOOK. For 
Nos. I to 4. 

•5. CAPITALS AND SHORT HALF-TEXT, Words 
beginning with a CapitaL 

•6. HALF-TEXT WORDS, b^iinning with a Capital- 
Figures. 

•7. SMALL-HAND AND HALF-TEXT. With Capitals 
and Figures. 

*8. SMALL-HAND AND HALF-TEXT. With Capitals 
and Figures. 

8a. PRACTISING AND REVISING COPY-BO OX, For 

Nos. 5 to 8. 

♦9. SMALL-HAND SINGLE HEADLINES—Figms. 

10. SMALL-HAND SINGLE HEADLINES-^Y^bo^ 

•11. SMALL-HAND DOUBLE HEADLINES— Ylgam, 

1%. COMMERCIAL AND ARITHMETICAL EX- 
AMPLES, 6f*C. 

12a. PRACTISING AND REVISING COPY-BOOK. For 
Nos. 8 to 12. 

* These numbers tnay be had with Goodtnatis PaUni Sliding 
Copies, Large Post 4to. Price 6d, each. 

niACMII.IaAN'8 PROGRESSIVE FRENCH COURSE— Bj 

G. EuGfeNE-FASNACHT, Senior Master of Modem Languages, 
Harpur Fou4dation Modem School, Bedford. 

I. — First Ysar, containing £asy Lessons on thd Regular Ac- 
cidence. Extra fcap. 8vo. is, 

II. — Second Year, containing Conversational Lessons on 
Systematic Accidence and Elementary Syntax. With Philo- 
logical Illustrations and Etymological Vocabulary, is. 6d. 

III. — Third Year, containing a Systematic Syntax, and 
Lessons in Composition Extra fcap 8vo. 2s, 6d. 
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MAOMILIiAN'a FROGRESSIVB FRENCH READHKB— 

By G. EucEke-Fasnacht. 

1. — KiRST Yeak, contniiiioE Tables, Historical Eitracts,' 

LeRer^, Dia.Iogue9, Fables, Batlsids, Narsery Songs, &c., 

with Twu Vocabiilariea : (i) in the order of subjecls ; (2) m 

alphibetical order. Emra fiap. 8vo. 2r. &/. 

II, — Second Year, contatninK FictioD in Prose and Verse, 

Historical and Descriptive ExtractE, Essays, Letters, Dialogues, 

&c. Extra fcap. Svo. 2s, tif. 

KAir ooussB— By 

Part L—FlKST Yeak. Easy Lessons and Rules on the Regular 
Accidenct Extra fcap. 8vo. Ii. 6d. 

Pait II. — SicoND Year. Converaatioiul Lessons in Sy°- 
temaiic Accidence and Elemenuiry Syntax. With Philological 
Illustrations and Etymological Vocabulary. Extra fcap. 



FRENCH. 

CORNE!LLE—LE CID. Edited by G. E. FasNACHT. \s. 
MOLIMRB—LES FEMMES SAVANTES. Edited by 
G, E. Fasnacht. \s. 

MOLltRE—LE MISANTHROPE. By the same Editor. 
li. \ \Immtdiatily. 

MOLlkRE-LE MiDECIN MA!.GR£. LUI. By Ihc 
same Editor. [/« prtparatiou. 

MOLllLRE~fAVA!iE. Edited liy L. Moriartv, B.A., 
As.sislant-Master at Rossall, [/rttAepmi. 

SELECTIONS FROM FRENCH HISTORIANS, Edited 
by C. CoLBBCK, M.A., lote FeUow of Trinity CoUegc, Cam. 
■idge ; Assistant- Master at Hatraw, \In prtparatian 

'AND, GEORGE — l^ MARE AU DIABLE. Edile 
p W. E. UussELL, M.A., Asaistmiit Maatcr in Haileiibary 
[/« frtparmtinH. 
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VOLTAIRE-rCHARLES XIL Edited by G. E. Fasnacht. 

• [In preparatian, 

. GRAMMAR AND GLOSSARY OF THE FRENCH 

LANGUAGE IN THE SEVENTEENTH CENTURY. 

By G. E. Fasnacht. [In proration, 

OBRMAXr. 

GOETHE-^GOETZ VON BERUCHINGEN. Edited 
byH. A. Bull, B.A., Assistant-Master at Wellington. 

[In preparatmu 

HEINE-SELECTIONS FROM THE PROSE WRIT- 
INGS, Edited by C. Colbeck, M.A. [Inpre^aHon, 

SCHILLER—MAID OF ORLEANS. Edited by Joseph 
GOSTWICK. [In preparation^ 

SCHILLER-^MARY STUART. Edited by C. Shbldon, 
M.A., D.Lit., Assistant-Master in Clifton College. 

[In preparatian, 
UHLAND — SELECT BALLADS. Edited by G. E. 
Fasnacht. [In preparaikn, 

SELECTIONS FROM GERMAN HISTORIANS. By 
the same Editor. Part I. — Ancient History. [In preparatmt* 

%* Oih€r volumes to follow. 

MARTIN — r/Ti? POET'S HOUR: Poetry sdected and 
anranged for ChUdren. By Fkancbs Martin. Tbird 
Edition. i8mo. 2s. 6d. 

SPRING-IIME WITH THE POETS: Poetry selected by 
Francis Martin. Second Edition. i8mo. y. 6d, 
1IA880N (GUSTAVB)—^ COMPENDIOUS DICTIONARY 
OF THE FRENCH LANGUAGE (French-English and 
English-French). Adapted from the Dictionaries of Professor 
Alfred Elwall. Followed. by a List of the Principal Di- 
verging Derivations, and preceded by Chronological and 
Historical Tables. By Gustave Masson, Assistant-Master 
and Librarian, Harrow School Fourth Edition. Crown Svo. 
half-bound. 6s. 

llOI.IBRB~Z£ MALADE IMAGINAIRE. Edited* with 
Introduction and Notes* by Francis Tarvxr, M. A., Assistant- 
Master at Eton. Fcap. Svo. 2J. (id. 
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—Works by Ihc Rer. R.MORtuS, LL.D. 

mSTORICALOUTLINES OF ENGLISH ACCIDENCEt 
comprising Chapters on the History and Development of the 
Language, and on Word-formation. New Edition. Extn 



ELEMENTARY LESSONS IN HISTORICAL 
•ENGLISH GRAMMAR, containing Accidence and Ward- 
formation. New Edition. tSmo. 3i. 6d. ■ 



PRIMER OF ENGLISH GRAMMAR. iSmo, 



olAVOAttT— THE OLD AND MIDDLE ENGLISH. A 
New Edition o( " THE SOURCES OF STANDARD 
ENGLISH," revised and peatly enlarged. By T. L, Kino- 
TON Olifuant, Extra. Tcap. Svo. 91. 

PAtoaAVB— 7WX CHILDREN'S TREASURY OF 
LYRICAL POETRY. Selected and Arranged with Nole» 
by Francis Turnek Palgrave. iSmo. is. (td. AIm in 
Tno parts. iSmo, u, each. 

PLUTARCH— Being a Selection Trom the Lives which Illastrale 
Shakespeare. North's Translation. Edited, with Intro- 
ductions, Notes, Index of Names, and Glonsarial Index, by 
the Re». W. W. SkkaT, M.A. Crown Svo. tt. 
evi^omn—NEiy GUIDE 70 GERMAN CONVERSA- 
TION: containing an Aljihabetical List of neaj'Iy 800 Familiar 
Words followed by Exercises, Vocabulary of Words in frequent 
use; Familial Phrases and Dialogues; a Sketch of Gennan 

^^^^lerature. Idiomatic EipresaioDS, &C. By L. PVLODRT. 

^^BtSmo. cloth limp. is. 6d. 
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RBADINO BOOK«— Adapted to the £1^^ and Scotch Codts. 
Bound in Cloth. 

PRIMER, i&na (48 pp.) 2d. 

BOOK I. for Standard I. i8mo. ^ (96 pp.) ^ . 

iSmo. (144 pp.) 5i/. 
iSmo. (160 pp.) td. 
i8mo, (176 pp.) %d, 
l8ma (380 pp.) \u 
VI. Crown 8yo. (430 pp.) 2*. 

Book VI. is fitted for higher Classes, and as an Introduction to 
English Literature. 

** Tlksy are fxt above any others that have appeared both in form and 
snbstance. . . . The eifitor of die preient series has i^htly seen that 
reading books must ' aim diiefly at giving to the ptipHs the .power of 
accurate, and, if posable, apt and £lfal ei^ression ; at cultivating b 
tlwm a good literary taste, and at arousing -ft desire of ftirdier reading.' 
This is done by taking care to select the extracts from true E^lish classic^ 
going up in StandarcTVI. course to Chaucer, Hooker, and Bacon, as wdU 
as Wordsworth, Macaulay, and Froude. . . . This is quite on the ri|dit 
track, and indicates justly the ideal which we ought to set bdiare ns.'— 

GUAKDIAM. 

8HAKESP&ABB— ^ SHAKESPEARE MAJWAL. By F. G. 
Fleay, M.A., late Head Master of Skipton Grammar School 
Second Edition. Extra fcap. 8yo. . 41. 6^. 

AN ATTEMPT TO DETERMINE THE CHRONO* 
LOGICAL ORDER OF SHAKESPEARE^ S PLA KS. By 
the Rev. H. Pains Stokbs, B.A. Extra fcap. Sva 41. 6cl. 

THE TEMPEST, With Glossarial and Explanatory Notes. 
By the Rev. J. M. JsPHSON. New Edition, i8mo. ff. 

SONNJBNSCHEIN and MBXKUSJOHN — ZZTuS ENGLISH 
METHOD OF TEACHING TO READ. By A. Son- 
NENSCHSiN and J. M. D. Msiklejohn, M.A. Fcap. Svo. 

COMPRISING : 

THE NURSERY BOOK, contamhig aU the Two-Letter 
Words in the Language, id. (Also in Large Type on 
Sheets for School Walls. 5^.) 

THE FIRST COURSE, consisting of Short Vowdb with 
Single Consonants. 6d. 



UOBBRN LANGUAGES, ART, ETC 



THB SECOND COURSE, with Combinationj and Bridget. 

consisting of Sliort Vowels with Double Consonanta. 6rf. 

THE THIRD AND FOURTH COURSES, ccpnsisting of 

Long Vowels, and all the Doable Vowels in the Language. 
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iciplp on which ic is possible jo lunl to read 
Knslish.'— Sphct.ti;h. 

■TBPHBN— -4 DIGEST OF THE LAW OF EVIDENCE. 
By Sir jAMEi FiTZjAMKS Stephen, t. Judge of the High 
Court of Justice, Queen's Bench Dmsion, Fourth Edition. 
Crown 8vo. 6f. 

TKYi^OV.— WORDS AND PLACES; ot. Etymological Illus- 
trations of History, Ethnology, and Geography. By the Rev. 
Isaac Taylor, M.A. Third and cheaper Edilioa, revised 
and compressed. With Maps. Globe 8vo. 6i. 

TAVI.OB— ^ PRIMER OF PIANOFORTE PLA YING. By 
Fkanklin Tavlob.. Edited by George Grove. iEeoo. \i. 

VBnvnsXiBB. — HOUSEHOLD MANAGEMENT AND 
COOKERY. With an Appendix of Recipes used by the 
Teachers of the National School of Cookery. By W. B. 
TlBBTMElElt. Compiled at the request of the School Boiud 
tot London. iSmo. ii-. 
" Admirilily »dapled In Ihe me for wtuchit is dEtiensd."— Atiiin*uh, 
..'brmaiiob ii contaiiu it Biven in the HmpkH liinxu4£c-" 

L M,L1. r.AJKTT«. 



mdilyiind Iheinron 



THE GLOBB RBADBSS. For Standards I.— VL Edited by 
A. F, MUBISON. With nlu-stralioiis. \Immediatily. 

Taomrroit-F/RST LESSONS IN BOOK.h'EEPlNG. By 
J. Thorn-ton. Crown 8vo, at. bi. 

The objsci of this volume Is lo make Ihe iheory of BoukJtie^g suf- 

TBBINe— Works by Edward Tbring, M.A., Head Master of 

Uppingham. 

THE ELEMENTS OF GRAMMAR TAVCHT IN 
ENGLISH. With Questions. Fourth Eilition. iSmo. 2t. 



MAOMILLAN'8 GLOBE LIBRARY. 

Price 3^. 6d, per volume^ in chth. Also kept in a variety of calf and 
viorocco bindings, at moderate prices. 

"The Globe Editions are admirable for their scholarly editing, their typo- 
graphical excellence, their compendious form, and their cheapness."— Saturday 

KBVIKW. 

Shakespeare's Complete MTorks.— Edited by W. G. Clark, 
M.A., and W. Aldis Wright, M.A., Editors of the 
" Cambridge Shakespeare.*' With G-ossary. 

Spenser's Complete Works— Edited from the Original Editions 
and Manuscripts, by R. Morris, with a Memoir by J. W. 
Hales, M.A. With Glossary. 

8tr ^^alter Scott's Poetical ^;«rorks. — Edited, with a 
Biographical and Critical Memoir, by Francis Turner 
Palgrave, and copious Notes. 

Complete Works of Robert Boms. — Edited from the best 
Printed and Manuscript authorities, with Glossarial Index, 
Notes, and a Biographical Memoir by Alexander Smith. 

Robinson Cr98oe. — Edited after the Original Editions, with a 
Biographical Introduction by Henry Kingsley. 

Goldsmitli's MiscellaiM^us Works. — ^Edited, with Biographical 
Introduction, by Professor Masson. 

Fope's Poetical Works. — Edited, with Notes and Introductory 
Memoir, by A. W. Ward, M.A., Professor of History in 
Owens Collie, Manchester. 

Dryden's Poetical Works.— Edited, with a Memoir, Revised 
Text and Notes, by W. D. Christie, M.A., of Trinity College, 
Cambridge. 

Cowt»er'8 Poetical Works. — Edited, with Notes and Biographi- 
cal Introduction, by William Ben ham, Vicar of Marden. 

Morte d'Artbtxr.— SIR THOMAS MALORY'S BOOK OF 
KING ARTHUR AND OF HIS NOBLE KNIGHTS OF 
THE ROUND TABLE.— The original Edition of Caxton, 
revised for Modem Use. With an Introduction by Sir 
Edward Strachey, Bart. 

Tbe Works of Virgil. — Rendered into English Prose, with 
Introductions, Notes, Running Analysis, and an Index. By 
James Lonsdale, M.A., and Samuel Lee, M.A. 

Tbe Works of Horace.— Rendered into English Prose, with 
Introductions, Running Analysis, Notes, and Index. By James 
Lonsdale, M.A., and Samuel Lef, M.a. 

Milton's Poetical Works. — Edited, with Introductions, by 
Professor Masson. 

MACMILLAN and CO., LONDON. 



London : R. Clay, Sotis, and Taylor, Printers. 
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